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ABSTRACT
The late Devonian-lower Carboniferous submarine vol— 
~ J ■ 
canic rocks of the Tberian Pyrite Belt have been
studied to- determine the origin of magmas, the mC^a-
morphic processes involved ’in their alteration and the
^overall tectonic setting of the region.
Detailed geochemistry of the dominant volcanic
rock types, *basalts., .andesites and the more voluminous
rhyolites shows that the -magmas do not result from a
«* ' ' '■»-
simple fractionation process. The mafic magmas provide
* *
strong evidence of mantle heterogeneity while the
acid magmas are clearly a product of crustal anatexis.
Metamorphic-metasomatic post-crystallization ..
effects, based on geochemical, isotopic and mineral
' .»• * 
data, indicate a pervasive low-T sea floor hydrothermal
event with high water/rock {at least 100 for K-meta-
somatized acid rocks). Later regional metamorphism
occurred with thermal gradients in the range 4 0-50°C/Km.
* *
Previous suggestions of subjiuctioh zone metamorphic 
events are disproved. The massive sulphides of the . 
region were *formed during the early sea floor cooling 
process 'and sea water is shown to be .the dominant 
hydrothermal fluid both from oxygen and sulphur isotopic 
data.
r .
i n
’Tt? imjw n-Muin' i.«. j
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■; While \ho exadt analogue of the tectonic setting 
of the Pyrite Belt is’known/, the "overall- igneous- - ^
.* ; * ' ’ *r - ' * t
metamorphic situation indicates .similarity to typical 
ih^a-cpntinentar". iback^atrc"?), rifting tectonics.
* -
. <
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' A
-$v*.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V /
ACKNOWLEDGEMENTS
• ,  ^ . ' 
I JL •would like to express my.sincere gratitude to
/ ' * ' • . ■ ' .  ‘ ’
Professor A. Ribeiro fop suggesting this topic and
/ ' - ' ‘ • -providing inspiration and encouragement throughout the
! ;  '
/ - U
course of this study, and to Profess'or Matos Alves for
/ '
encouragement arid continuing support of the project.
I express ray appreciation to my * advisor- Professor
/
W. S.'Fyfe and to Professor W. R. Church f.or the oppor- 
tuhity to benefit from their experience and ideas ,t and
for their support and valuable comments during this
*
thesis project. .
I am also"grateful t o E . Lopera, b. Carvalho,
Professor L. J._ G., Schermerhorn, .N. Conde, ,T.' Oliveira,
* * ' * '
V: Oliveira and X. Leca for sharing their ideas con-
’ " • ' - ■ ■ * -v.l -
cerning the geology of..the Southern Portuguese Zone
• ' ■- ■ ■ , * .  ■
and for providing invaluable field guidance in the
Iberian-Pyrite Belt. . I
. . » . . . .
. •' ■ ^  - - / 
Special thanks to U. Costa, F., Barriga,’T. E. .
’ - - * • • - ' / * '
LaTour and Professor R. Kferrich who^provided valuable ^
■ - - . « v.t * >’ - ' ,
criticism and discussion and'also to Professor N. D.
MacRae, Professor Galopifti' de Carvalho, Prolessor F.
^  ” 
■ r  ^ * ‘ t ' , * * , •
Persoz, L. Celestino Silva, L.- Ribeiro and R. L. Barnett'* / ’ * *
, ’ ■ » •
f> 1 , p ■ '
for" their cooperation and 'assistance in various aspects
* . . ' ' V  * ’v. ' .• • *,
of'this study. • ■ . .
The author, thanks the I .N.I.C . (Portugal) and the4
t,
/ * ( 
V
1 .f .-a—  - T*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Departaroento de GeoiogiaTda Faduldade de Ciencias de. *.
4 ' - 
Universidade de Lisboa, for continuing support and the
", v
—Strciai Sciences and Humilities Research Council of 
Canada and the Portuguese Sh^ll. Oil Company for .scholar­
ships which made this study possible. . •
• . ’ /  '
Most of all, I would like to thank my wife Anabela,
. *  ,
for inexhaustible patience, encouragement and support.
« t « . » • •
« Finallyr thanks to Miss.L. 'Wi-Ilmore for* typing*the
manuscript. ’ ^
&
''7
.0
B B S
.  .  ' vr
i ■
t
it
■i •
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
~ t a b l e of Co n t e n t s
*  " •
 ^ Page
f
CERTIFICATE . OF EXAMINATION^; *.......................  . ii'
ABSTRACT ..................i........ .'............. '. iii
ACKNOWLEDGEMENTS ...................................  v
TABLE OF CONTENTS ............................t..... ^ii
LIST OF PHOTOGRAPHIC PLATES ....................... * xi
LIST OF TABLES ..................................... xiv
LIST OF FIGURES .................................... xvi
CHAPTER JL - INTRODUCTION .......................  1
1.1 Statement of the Problem ................... 1
1.2 The Southwest Branch of the Iberian
• Hercynian Foldbelt .........................  5
CHAPTER 2 - GENERAL GEOLOGY OF THE IBERIAN PYRITE
BELT . . . . .   ...... 16
2.1 Introduction  ........... *.... 16
2.2 Previous Work    i . . ....  1?
2.3' Main Lithostrati.graphic Units .......  23
2.4 Hercynian Structures  ....■..... .' ‘ 44
I  s
CHAPTER. 3 - IGNEOUS.PETROLOGY .......    47
3.1 Introduction ........................  47
3.2 Petrography — Macroscopic and Microscopic
Observations-  ....................  48
3.3 Mineral Chemis.try .......     66
a) Chromian Spinel .................. ' -66
b) • Iron-Titanium Oxides . ..  ........ . . . 78.
c) Olivine  ............'..............  85
dX Clinopyroxene . ... i ..  ..................  88
e) . Amphiboles ................    124
f) Biotite ..... ........... ...............  129
g) Feldspars   ; . . . 134
3.4 Geochemistry of the Mafic Rocks .*£...........* k-34
3.4.1 Geochemical Features of the Iberian- 
Pyrite Belt Basaltic Rocks'.........   134
a) Major Elements ...... - ...., 135
b) Ti, P, Zr, Y and Nb Variations .. 138
c) Rare Earth Elements............... 150
d) Transition Petals ............  163
3.4.2 Petrogenetic Discussion............   171
a) Primary Magmas ......... . .  ........173
b) Genetic Relations Among the
Basaltic Rock Types from the
. Iberian £yrite Belt .«.'..........  177
vii.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
; . . . . . . . .
r • Page
 ^ ' ! 
i b.l - Shallow Level Fractional
[. Crystallization............  177
[ b.2 - Fractional Crystallization
F . * at High Pressures..........  187
| - b.3 - Partial pelting of Upper
I Mantle Peridotite .........  191
I , " ~c) Estimates of M a n t l e ' S o u r c e ______
| - Compositions   .. . 208 /
S; i d) Significance of Mantle Source
[ Heterogeneities .......... .......  221
; 3.5 Geochemistry of the Intermediate Rocks ....  ‘229
t s'- A . .Geochemical Data ................ 4 ......  230
\ A.l - Major- Elements ......     230
j A.2 - Trace Elements .......................233
I B. Petrogenesis of the Andesitic Rocks .... 240^
B.l - Anatexis of Sialic C r u s t .........  241
* ; • B.2 - Grystal Fractionation of Basaltic
\ * Magma at Shallow Levels .........   242
I ~ B.3 - Amphibole Controlled Fraction-
1 - a t i o n ............   243
i B.4‘- Eclogite, Controlled Fractionation. 247 . 1
£ . B.5' - Partial Melting of Hydrous -Upper
£ Mantle Peridotite  ...........  248
I C. Geochemical ^ Constraints- Regarding Plate
K 'Tectonic Moae-ls -for the South Por-
E .tuguese Zone: Discussion  ............  253
I 3.6 Geochemistry of the Felsic Rocks  ........  257
E  3.7 Magmatic Evolution of the Iberian Pyrite
E Belt: Some Concluding Remarks^^............... 275
1. CHAPTER 4 - HYDROTHERMAL ACTIVITY IN THE IBERIAN
E  PYRITE BELT . . ......... .V................ 2 78
|| 4il Introduction . V............................... 278
K  4.2 -Seawater Basalt Interaction in Spilites .... 279
E  4.2.1 Background Information Concerning
m  . ' the Origin of Spilites in the
m  ' ---- Iberian Pyrite Belt    . . 279
k  .4.2.2 Hydrothermal Metamorphism ...........  283
K  4.2.2.1 Introduction ...... .........  28 3
K  4.2.2.2 Hydrotherm&ivMineralogy 284
K' - A. Phyllosilrteates .......... 288
K  ' ' ;\B * Feldspars .V* :............  291
K  C. Zeolites ...... . y.......  296
m  . D\ Epidote..............    2 97
K  ‘ ' E. Garnet  ......   301
K  F. Diopside  .......... .-.. . . 303
K  G. Amphiboles .............   304
K- H. Carbonates ................  308
K  ‘ ; ' { I. Sulphides ... i ....‘.........  310
^ E F  a
K  .vixi
K  - . v
IP' v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2.2.3 Interpretation of the Meta­
morphic Rocks .................. 314
4.2.3 Oxygen Isotope Geochemistry - Origin
^  of the Hydrothermal Fluid .............. 317
^  4.2.3.1 Sampling and Analytical
Methods .-..........................317
4.2.3.2 Oxygen Isotope Data.and
Interpretation ............  317
4.2.4 Chemical Changes ..............  326
4.3 Na/K Relations in Felsic .Rocks ...............  335
4.3.1 Introduction ....t.......   335
4.3.2 K-enriched Rhyolites from the Cercal-
Odemira Region (Iberian Pyrite Belt) .. 336
4.3.3 Comparison with Na-enriched Felsic
I Volcanic Rocks .........................  34 3
4.3.4 Oxygen Isotope Geochemistry ’. . . 344
4.4 Massive Sulphide Ore Deposition ..............  347
4.4.1 Introduction .'..........................  34 7
4.4.2 Outline.of the Pyrite Belt Ore
Deposits ................................  349
4.4.3 Rare Earth Element Geochemistry  .....  356
4.4.4 34s/32g isotope Ratios in the Pyrite
Belt Sulphides ........~................. 365
4.4.5 Oxygen Isotope Geochemistry ........... 375
a) Pyritic. Ores *............    37,6
b) Cherts......... 385
4.5 Discussign .......................... ,v.........  386
VOLUME II
, , CHAPTER 5 v- LOW GRADE REGIONAL METAMORPHISM IN TfcE
IBERIAN PYRITE B E L T ......................... 391
5.1 Introduction      . .. TV'S 91
5.2 Metamorphic Zoning  ..........................  \392
/  5~3 Metamorphic Phases: Occurrence and Mineral \
Chemistry ...................   41)3
5.3.1 Sphene ......'........   4D3
5.3.2 Prehnite ................................ 405
5.3.3 Epidote *....... .......................... 4 07
5.3.4 Pumpellyite ......   413
‘5.3.5 Amphiboles .  ■..........   419
a> Actinolite   *. 419
bj Hornblende ........................  4 24
5.3.6 Chlorite ............ •................... 4 28
5.3.7 White Micas ............................  4 31
a) Pelitic-Psammitic Rocks ............  4 31
b) Mafic Rocks ................. t ....... 431
5.3.8 Stilpnomelane ............... -..........  432
5.3.9 Feldspars ............................   .. 4 43
a) Albite ............................... 443
b) Ba-Feldspars  ................. ’...... 443
\
\ I X
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
, * %
t v *
y * ' * P a g e
C
5,3.10 Non-Silicates .......................... 444
5/. 3.11 Summary of the Minera^Chemistry
^ Changes with Metamorphic Grade..... .. 44 5
5.4 Approach to E q u i l i b r i u m ......................  446
%5.5 amorphic Reactions .........................  455
5.5.1 ^C0o Phase: Appearance and
Non-Appearance of Ca-Aluminosili-
cates ...........I......................  455
5.5.2 Chemical Reactions Defining Meta­
morphic Zone Boundaries ..............  464
5.6 P/T Conditions During Regional Meta-
. m o r p h i s m ..... p,........... ................. . .. 472
5.7 Implications for Te-ctonic Modelling in the
Iberian Pyrite Belt .........   .j •.. 478
CHAPTER 6~ - SUMMARY AND CONCLUSIONS ................. 4 8JL
& * j~
★ *  *
APPENDIX I. IGNEOUS CLINOPYROXENE CHEMICAL ^
^ANALYSES.............   1 ............   498
APPENDIX II. WHOLE ROCK A N A L Y S E S ........  538
►
APPENDIX III. H YDROTHERMAL-MINERAL CHEMICAL
A N A L Y S E S ......?..............J......... 581I-* J
. J 
APPENDIX*'IV. ‘r e g i o n a l  METAMORPHIC-MINERAL c h e m i c a l
A N A L Y S E S ...... .'............. * . i  . . . . . 609
l _
APPENDIX V. ' SUMMARY OF ANALYTICAL TECHNIQUES  64 5
APPENDIX VI. SAMPLE* LOCATIONS  ....................  648
REFERENCES-.......  .   6^ 54
VITA .......'...........    711
. x
- %
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Plate
1A
IB
1C
ID
IE
IF
2A
2B
2C
2D
2E
2F
3A
3B
LIST OF PHOTOGRAPHIC PLATES
Description
Folded phyllites and quartzites of 
the PQ group
■ «
Felsic volcanic flows at Rio-' Tinto Mines
I
Mafic tuffs, near t h e •top of the VS 
Complex
Columnar jointed ma-fic flows
Pillow lavas, near the base of the VS 
Complex____
Proximal turbidites
* *
Plagioclase and (rare) augite pheno-
crysts in an intergranular textured 
„groundmass
*-■ -
Same as '-Plate 2A
i
Blasto-intergranular to-intersectal 
(locally variolitic) texture. Core of 
pillow lava near Zalamea
Pillow rim almost entirely replaced by 
pumpellyite
Amygdaloidal texture in upper mafic lava
Subophitic texture in meta-dolerite
Ultramafic cumulate. Photomicrograph 
showing euhedral to sub-euhedral pseudo- 
morphs after olivine (cumulate’) and 
anhedral clinopyroxene (intercumulate; 
whi te)
Cr-spin^l rimmed by magnetite. In­
clusions in olivine
*
«
Porphyritic texture in intermediate rock
* S'*
X I
i— L
Page
»
31
31
31
31
31 
31
y
60
60
60
' 60 
“6 0 
' 60
65
65
65
f t II I | j ■■•‘i -r±~.rr~.r ----- t n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Plate Description. Page
3D Plagioclase and quartz phenocrysts in a ‘
devitrified felsitic groundmass 
«
£5
3E Rhyolitic lava’ 65
3F Albite-phyric granular tuff' 65
.4 A Calcite-hematite filled amygdules strongly 
flattened in S. . Spilite fronu near 
Castro Verde 286
4B Pumpellyite overgrowing epidote 286
4 cT ' Pumpellyite replacing epidote 286
4D Prehnite + chlorite replacing amphibole 286
4E Radial aggregates o,f sericite filling an 
amygdule in spilite 286
4F
5A
Pistacitic epidote filling amygdules in 
upper mafic lava
"V*
^Micro-granular aggregates of grossular 
replacing plagioclase(?) in ultramafic 
cumulate rock 313
5B
J
*
Fibrous diopside within olivine pseudo- 
mo rph s- 31'3
5C Riebeckite-arfvedsonite crystals in 
meta-doler ite . , '
— i r  "
313
5D Actinolite replacing clinopyroxene in 
meta-dolerite 313
5E Tremolite replacing olivine in ultramafic 
cumulate rock 313
5F Large pyrite crystal; filling a vesicle in 
spilite
VOLUME 411
313
6A Adularia replacing plagioclase in K- 
enriched rhyolite 412
6B Oxidation halos associated with hematite- 
rich fracture systems in K=-enriched 
rhyolite
xii
412
j*
* "f I ^1. «, f,.., 1 ^ j *, 1, „ .^'/h'.V.^ j *\ *.*t„ A. Jr. ..TJV' ^ .*>^1^.. -^L.— .  ---------— ------ '----------- --- -- 1-— V.  ----     .-»,.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Plate
6 C
6D''=
6 E
6 F
7A
7B
7C
7D
7E
7F
Description
\
Prehnite replacing plagioclase in 
andesite
v
Prehnite replacing clinopyroxene in 
andesite
Pumpellyite (fibrous crystalline 
aggregates) replacing plagioclase in 
andesitic rock front near S. Domingos ' 
Mine
Well formed pumpellyite prismatic 
crystals (colourless variety) within 
albitized/silicified plagioclase 
phenocrysts
Fe-rich pumpellyite replacing clino- 
jjyroxene phenocrysts
Pumpellyite replacing plagioclase and 
groundmass material in meta-dolerite
Actinolite acicular crystals in zone 
3 meta-basite•
Nematoblastic texture of zone 4 green- 
schist
Stilpnomelane in prehnite-pumpellyite 
facies meta-dolerite
Stilpnomelane in metamorphic zone 3 
meta-basite
Page
412
412
412
412
436
4*3 6
436
4 36-
436
436
/
x i x i
W!*SW!r^SWWBwn*j-. -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
g£X--V'
. ' '  :, ,'• -.,7 '  ' , - T ; -  - . " V N  '■ " ' - '  •'-’ i ’ s ’ •• v..~ ■'■ ’  - : • ■ .'-'. -■ - / V ,
^ V ;- a r x  ' /v
Table
2.1
3.1
3.2 
V
3.3
3.4
*
3.5
3.6
3.7 
3*. 8
3.9
3.10
3.11
4.1 "-
4.2
4.3>
# —J
4.4
LIST OF TABLES ^
Description, Page
Stratigraphic Units of the South
Portuguese Basin 22
Representative 'Electron-Microprobe Cr-
spinel analyses ' 67
Representative Electron— Probe Fe-Ti
Oxide Analyses 8 0
Representative Electron-Microprobe
Olivine Analyses „ 8 6
Representative Electron-Probe Amphi-
bole Analyses 12 5
Representative Electron-Probe Analyses 
of Biotite 130
j.
Electron Microprobe (Relict) Plagioclase 
Analyses (Mafic Rocks) 133
Key Elemental Ratios in Mafic Rocks 160
D  Solid/Liquid Partition Coefficients 172
Parental Magma Compositions - 176
Models pf Shallow Differentiation 184
1
Group 3 Basaltic Rocks Selected for
Mantle (Source Composition Calculation 212
Incyea^ing Metamorphic Grade-Mineral Changes 287
Major /Trace Eileipent Composition and 6 1 sO 
of Whole Mafic Rock and Mineral Samples 
from the Pyripe Belt
Chemical Analysis of the Doleritic Sill 
Intercepted by^Drilling at Garrochal
Chemical Analysis of Mafic Meta-volcanic 
Rocks from the ilberian Pyrite Belt^
319
328
332
xiv
<5?
■■ . - -r',,.' . .11" ■ it . rr-T*i • I )r'i r I I g
J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table
4.5
4.6
4.7
4.8
5.1
Description Page
Representative Chemical Analysis of,K- 
Enriched Felsic Volcanics from the Cercal- 
Odemira Region (Iberian Pyrite Belt) and 
of Subvolcanic to Extrusive Porphyries 
from the Abitibi Belt (Canada) 339
Oxygen Iso£ope Compositions~of Whole
Felsic Volcanic Rocks and Minerals 34 5
Iberian Pyrite Belt Ore Analysis 357
<5180 of Mineral Samples from the Iberian 
Pyrite Belt Metalliferous Deposits 377
VOLUME II
Metamorphic Zonation of the Iberian
Pyrite Belt 393
xv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.3)
2 J
LIST OF FIGURES
Description
Tectonic framework of Hercynian Iberia
Structural units of the Iberian Peninsula 
and zonation of the Iberian Massif
Structural sketch of the Ossa-Morena and 
South Portuguese zones
Outline geology of the South Portuguese 
Zone
Page
2
10
21
2 L 2 Geological map of the Santa Iria-Ficalho 
area
3.1b
3.2
3.3
3.4
3. 5a
3.5b
3. 5c
3. 6a
Schematic geological map of South Portugal
Cr/Cr + Al, Fe3+/Fe 
Fe2+ variations in
/^e3+ + Fe2+ and Mg/Mg +
Cr-spinels
\
Variation of Fe /FeP + Al + Cr against 
Mg/Mg + Fe2+, Cr/Cr /+' Al and Ti02 for 
the Pyrite Belt Cr-spinels
Variation-of MnO (v£t. %) against MgO 
(wt. %) for ilmenbfees
Equilibration temperature and f02 of 
(relict) coexisting iron-titanium oxides
Ca-Mg-Fe variations in clinopyroxenes 
from the Iberian Pyrite Belt
Si0 2-Al2C>2 relationships for clino­
pyroxenes in lower mafic lavas ana type- 
A dolerites.
Si0 2-Al20 2 relationships for clinopyroxenes 
in upper mafic lavas and type-B dolerites
Si0 2“Al202 relationships for clino­
pyroxenes in andesitic rocks
. tA1! , Na-Si and Ti-'-Al relationships for 
clinopyrokenes in lower mafic lavas, type- 
A dcflerites and andesitic rc^cks
xvi
27
38
72
74
83
84 
92
96
97
98
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
'Figure Description Page
3.6b Alt , Ti, Na-Si relationships for clino­
pyroxenes in upper mafic lavas and type- 
B dolerites 103
3+3.7a Variation of Fe (calculated'against
A1IV for cl inopyroxenes in lower mafic 
lavas and type-A dolerites 104
3.7b Na + A1IV-A1VI + Cr + 2Ti relationships
for clinopyroxenes in'upper mafic lavas 
and type-B dolerites 105'
3.8 Ti variation with Fe/Fe + Mg ratio in
clinopyroxenes 110
3.9 Al*", T^ L, (A) , and Na, (B) , variations with
Fe/Fe + Mg ratio*in type-A dolerite ^
(sample E-31) clinopyroxenes 113
3.10a Al*" and Ti variations with Fe/Fe + Mg
ratio in type-B dolerite (sample 50 6- 8 ) 
clinopyroxenes 114
3.10b Na and Fe^+ ■ (calculated) variations with
Fe/Fe + Mg in type-B dolerite (sample
, 506-8) clinopyroxenes . 115
iJ
3.11a Mn, Cr-Fe/Fe + Mg relationships for
clinopyroxenes in type-A dolerites and
lower mafic lavas 117
3.11b Mn, Cr-Fe/Fe + Mg relationships 'for clino­
pyroxenes in type-B dolerites, ultramafic 
cumulates (stars enclosed by. circles) and 
upper mafic lavas * ' H 8
3.11c Mn, Cr-Fe/Fe + Mg relationships for
clinopyroxenes in andesitic rocks 119
3.12 * Ti.02 an,3 K»0 variations with FeO/MgO ratio
in" amphiboles 127
3
3.13 TiO--FeOt/Mg relationships for biotites
in type-B dolerite sample 538*30 132
3.14 TiO2~Fe0t/MgO and- FeOt-FeO*'/MgO variation 
diagrams for the Iberian Pyrite Belt
mafic rocks 137
X V I 1
..   . .. . - ..»   --
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V
Figure^
3.15
3.16a
3.16b
3.17-
3.18a 
3.18b 
3.18c
3.18d 
3.19a
3.19b
3.19c
3.19d
3.19e
3.20a .
3. 20b
3. 20c-.
3. 20d
Description Page
P2°5_Zr variati°n diagram for the Iberian 
Pyrite Belt mafic rocks %  139
TiC^-Zr/P^Oi- relationships for Iberian 
Pyrxte Belt mafic rocks 140
Y/Nb ratios in the Iberian Pyrite Belt
mafic rocks ’ 141
TiO^-P^Oe relationships for Iberian
Pyrxte Belt mafic rocks 143
Ti-Zr diagram 145
Y-Zr diagram 146
Zr/Y-Zr relationships for Iberian Pyrite 
Belt mafic rocks 147
■Nb-Zr diagram 148
Chondrite-normalized REE patterns of
group 1 doleritic rocks < ' 151
v \-j 
r
Chondrite-normalized REE patterns of
lower mafic lavas *152
Chondrite-normalized patterns of group
2 dolerites 153
Chondrite-normalized patterns for group
3 dolerite,s _ „ 154
Chondrite-normalized patterns for upper • 
mafic lavas 155
Nb-La and La-Nd variation diagrams for
the Iberian Pyrite Belt mafic rocks 156
PpO^-Ce and Ce-Nd variation diagrams* for 
Iberian Pyrite Belt mafic rocks 157
Zr-Sm and Sm-Nd variation diagrams for
Iberian Pyrite Belt mafic rocks # 158
Gd-Nd and Yb-Nd variation diagrams for
Iberian Pyrite Belt mafic rocks • 159
xvxxx
^  WfflTt i**iTYi f,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■aaigaSSSSB*-
Figure
3.21
3.22
3.23
3.24
3.25 
3. 26
i
3.27
3.28
3.29 
3. 30
3.31
3.32
3.33 
3. 34 
3. 35
Description - Page
Chondrite-normalized REE patterns for 
cumulate group l^doleritic rocks 162
Chondrite-normalized patterns of the first 
transition metal series for representative 
samples of the least fractionated (non-, 
cumulate) basaltic rocks from the Iberian 
Pyrite Belt 164
Ni-Cr relationships in (non-cumylate)
mafic rocks - 16 6
Sc-Zr relationships in (non-cumulate) mafic 
rocks 167
Plot of V/Ti- for Iberian Pyrite Belt
basaltic rocks 169
Ni-Y discrimination diagram applied to 
(non-cumulate) basaltic rocks from the 
Iberian Pyrite Belt 170
Ni-Zr relationships.'fdr (non-cumulate) 
basaltic rocks from the Pyrite Belt 17 9
Ti-Cr relationships for (non-cumulate) 
basaltic rocks from the Pyrite Belt 181
J
A l 20 3/Ti6 2“Zr variation diagram 182
La/Sm-Yb relationships for Iberian Pyrite 
Belt basaltic roc.ks . 18 9
La/Sm-Sc relationships for Iberian Pyrite 
Belt basaltic rocks , 190
REE abundances in model liquids compared
to Iberian Pyrite Belt .basaltic rocks 194
REE abundanceti».in model liquids compared
to the Pyrite Belt basaltic rocks • 198
■ r>
Chondrite-normalized Nb-P-Zr-Y patterns 
of selected Pyrite Belt basaltic rocks 199
Dynamic melting model of light-REE enriched 
garnet-lherzolite source . , 203
\
X I
j i ) j i  V>VVir ih t i r a f * i * i r V i  *r i «riijB>iiTif'TT i ■■ • A , .  ‘ ^
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v>^.- v> *> 7yv_*-,
.; . ;v:r'^^‘rr5'-'-^ ' J ~J /'•*■ YX*
•H— ’'"' ?. ^  vr/’4*.oivTv.'v^r* <.' •S.Ssr>'rfsr '^: ->f ‘ "- * -lv *\fc  ^fr-
Figure 
3. 36 
3. 37
3. 38 
'3. 39a 
3. 39b
pescription
Zone refining
Calculation of Nd/Sm ratio in the mantle 
source for group 3 basaltic rocks
Calculated REE abundances in the peri-. , 
dotite mantle source (cQ ) that can yield 
the average parental group 3 basalts
Calculated element abundances in Pyrite 
tielt basalt mantle sources normalized to 
Primordial - mantle abundances
I ttempts to model the trace element 
/ ' compositions of mantle sources consisting 
of a main (97%) depleted component similar 
to the source of N-type MORB veined by 
an alkaline basic melt
3.40a,b Trace element abundances in MORB (a),
_WPB (a) and 1AB (b), normalised to ->
‘ Primordial mantle abundances
3.41a,b Primordial-mantle normalized tr'ace element 
- patterns in some back-arc basiii basalts 
(a) compared to those from thef Iberian 
Pyrite Belt (b)o .
3.42
Page
206
215
218
220
220
224
'226
SiOj-FeO /MgO variation diagrAn for the 
Pyrite Belt andesitic rocks ’\ 231
3.43 Ti02~Fe0 t/Mg0 and FeO^-FeO^/MgCA variation
°diagrams for the Pyrite Belt andesitic rocks 2 32
# ’ I / 1
3.44 Y-Zr variation diagram for the Pyrite Belt ' -
andesitic rocks c / 2,34
3.4 5 Y-Sr diagram for the* Pyrite B^lt andesitic
rocks / , *235
3.46 Ni, Cr and V' variations .with FeO^/MgO
ratio in andesitic rocks ' 237
3.47 Chondrite-normalized REE patterns of 
andesitic rocks from the Iberian Pyrite
Belt 239
xx
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure Description Page
3.48a Chondrite-normalized' REE contents of
melts produced by 40% melting of oceanic 
tholeiites 245
3.4 8b Chondrite-normalized REE contents of
melt produced by 40% melting of "primitive" 
group 1 Pyrite Belt basaltic rocks in 
amphlbolite facies  ^ 245
3.49 Chondrite-normalized REE contents of melts 
produced by partial melting of amphibole- 
peridotite and garnet-bearing amphibole-
' ‘ peridotite compared to those of average
gropu 1 and group 2 Pyrite Belt andesitic 
rocks , 2 51
3.50 Ti02 /Al203 , P20 5 f Nb, -Zr/ Y _ sio2
relationships for the Iberian Pyrite Belt 
felsic rocks • 260
3.51 Chondrite-normalized REE patterns of
Iberian Pyrite Belt felsic rocks 263
3.52 Chondrite-normalized patterns of Cereal
rhyolites 266
0
3.5 3 Chondrite-normalized REE contents of
Iberian Pyrite Belt, r-hyolitic rocks com­
pared to those of melts produce'd by 
anatexis of (A) granitic and <B) tonalitic 
rocks « 272
r t »
4.1 ACF diagram showing the chemical variation.
of the Iberian Pyrite Belt s'pilitic rocks 281
4.2 » 2Vy-An% relationships for plagioclases in
meta-mafic rocks 2 92
4.3 X-ray data for alkali-feldspars in hydro-
thermally altered rocks * 2 93
4.4 An-Ab-Or relationships for feldspars in
spilites and meta-dolerites 294
4.5a .Change in Fe^+ against AlVI in hydrothermal 
epidotes from the Iberian Pyrite Belt 
maffc rocks 2 98
xxi
JA ~  V- .-4.. . .. I . .. ... - -..V ^  ... r*.-*-,'— - -  mu Li. iv W m  .rrr fc«.*%«iril K I r i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure Description Page
4.5b Fe-O^/FeO*" ratio for mafic lavas and
intrusive sills of the Iberian Pyrite 
Belt - v-, ’300
IV4.6 Al -Na-M.—Ca relationships for hydrothermal
amphiboles 306
4.7 MgCO^ contentf of calcites in hydrothermally
altered mafic rocks ?Q9^0
4.8 Whole rock oxygen isotope ratios of hydro-
fchermally metamorphosed igneous rocks 
from the Iberian Pyrite Belt 322,
4.9 Whole rock oxygen isotope ratios plotted
against oxidation ratios of spilitic rocks 
\ from the Iberian Pyrite Belt 324
4.10a Selected major and trace element variations
in the dolerite sill intercepted by drilling 
at Garrochal 330
4.10b Selected^trace element variations in the
doleritic sill intercepted by drilling at 
v Garrochal 3 31
4.11 , relationships for felsic rocks 337
4.12 Temperature-log K relationships for the-
reaction K-feldspar + Na = K *+ albite 341
4.13 Location of - the principal massive sulphide
mining districts irK the Iberian Pyrite 
Belt \  ll * 350
J
4.14a ‘ Stratigraph'ically controlled compositional
variation\in sulphide and g^ngue minerals 
within the\Pyrite Belt ore deposits 354
#
4.14b Stratigraph^cally controlled compositicyial
variation *in Nchlorit^s withih' the Pyrite 
Belt ore deposits /  3 55
4.15 cfiondrite-normalized REE patterns for
Iberian Pyrite ore samples I * 359
4.16 Equilibration\^ p e p t w e - - a n d  fS2 of co­
existing sphaleri%e-galena-barite assem-  ^
blages in sphalerite-galena rich massive 
sulphide ore 370
xxii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/
)
Figure
4.17
4 .18
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5 . 9a 
5.9b 
5. 9c
5.10
■5.11
/
.. r- -------
Description
Diagram showing the log ES0./ZH2S - T * 
relations between the stability of hydro-’ 
thermal minerals, sulphur isotopic com­
position of H_S, and the activity product 
of FeCl.'CuCl0
■v'i -
Variation in the oxygen isotopic composition 
of minerals' in Pyrite Belt ore deposits
VOLUME II
<
Metamorphic zonation in the Iberian Pyrite 
Belt
Illite-crystallinity data
Sphenes, atomic proportions Al, T i , Fe
Fe_0 contents (A) and P.e^-Al^3" variation 
(BT in the Iberian Pyrite Belt prehnifes -
Change in Fe^+ against Al^"1" in metamorphic 
epidotes from .the Iberian Pyrite Belt mafic 
rocks
Compositional and paragenetic relationships 
for epidotes in meta-basic rocks from the 
Pyrite Belt
3 S.
Change in EFe against Al in .pum£>ellyites 
• *
Compositions of pumpellyites from the _
Iberian Pyrite Belt in atomic proportions 
Al:Fe :Mg
Page
Amphibole A ^ O ,  content variation in relation 
to the metamorphic grade
Amphibole TiO^ content variation in relation 
to the metamorphic grade
Amphibole Na20 content variation in relation 
to the metamorphic* grade and coexisting 
mineral assemblages
Chemical composition changes in amphiboles
Al^5 (hornblende rims) - ( (Mg/Fe*") actinolite 
core/(Mg/Fe )hornblende rim) relationships 
for zpne 4 metamorphic amphiboles
374
379
395 
397 
4 04'
406
408
409 
-415
417
420
421
422
423
426
x x m
Ir . MJ. 1*1,« ■■ I r«. • T.filViTi.rt fc-TT
•“VS?
mmm mmm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure Description' Page "
5.12 Al^O^-SiOj (‘and Fe^/Fe*" + Mg) relationships 
for chlorites in the Southern Portuguese
Zone metamorohic rocks - 429
ft
5.13 White mica-chlorite-stilpnomelane-K- V
feldspar-chloritoid relationships in
the Southern Portuguese metamorphic rocks, 
and in certain pelitic rocks from the 
Glaurus Alps * 434
5.14 Al:Fe*":Mg relationships for coexisting 
chlorites and stilpnomelanes in the
Iberian Pyrite Belt meta-basites 440'
5*15 Coexisting metamorphic minerals from the
Southern Portuguese Zone; atomic proportions 
A l :Fe :Mg 44 9
5.16 Mg/Fe^" ratios in coexisting actlnolite and _
chlorite 450
St
5.17 .Mineral assemblages of some prehnite- .
pumpellyite, pumpeilyite-actinolite and 
greenschist facie3s r o c k s f r o m  the South 
Portuguese Zone, in atomic proportions 
of F e 3+-Al-Ca- (Fe2+ ,Mg)- '454
Schematic (uC0 _-uH20 ) phase relations of 
epidote, prehnite, pumpellyite, actinolite, 
chlorite and calcifee in the presence o.f 
excess quartz, in the system CaO-AllCU- 
(F e ,M g )O • A J 458
5.18
5.19 Distribution of iJb0 values^ for "greenschist
facies white micas in pelitic rocks from
the South Portuguese Zone ' 4 75
5.20 Na-M.-AlIV diagram for~'ca^-amphiboles - . - 477
xxiv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V
CHAPTER 1 '■
INTRODUCTION
1.1 STATEMENT OF Tjhs PROBLEM
The Iberian Pyrite Belt i£ the zone of upper Paleo­
zoic eugeosynclinal rocks, containing pyritic and 
manganese orebodies, which stretches across south
a
Portugal and southwest Spain (fig. 1.1). About 250 
km long by up to 35 km wide, this arcuate belt trends 
westward from near Sevilla bending around northwest in 
south Portugal.
The sti?atigraphic succession of the Pyrite Belt is 
made up of sedimentary and (submarine) volcanic rocks of. 
Devonian and Carboniferous ages, deposited in an external 
basin flanking the central Hercynian block of Iberia. 
Extremely large pyritic oreboddes are ^ound associated 
with the volcanic rocks which* taken together, represent 
the largest metallogenic* province and base metals re­
serve in Europe.
. Recent j-work (BARD, 1971; CARVALHO, 19.72; ^ BARp et al. 
19 7 3^ 19 80; BERNARD and SOLER, 1974; VEGAS and MUNOZ,
19 7Bi on the Iberian Variscan Orogen has called upon , 
plate tectonics to explain stratigraphic, structural and 
petrological r e l a t i o n s ^ / " e x c e p t  for a few excellent 
but essentially descriptive studies, little'has been 
said ab6 u£ the igneous and metamorphic regimes in % h e
■i
* ' 1
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FIGURE l.'l, Tectonic framework of Hercynian Iberia 
I - Cantabrian basin; II - Central Block; 
III - South Portuguese basin (black - 
Iberian Pyrite Belt) .
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Iberian Pyrite Belt. It is well known that modern vol­
canic and metamorphic, rocks have distinct associations 
which are related to various plate tectonic environments
o
(DICKINSON, 1972; MIYASHIRO, 1972). in this regard, it 
is of interest to examine the petrographic and geochemical 
characteristics of meta-volcanic rocks from older oro- 
genic belts as a possible means of defining their tecton­
ic environment.
This study is an attempt to describe the petrography 
and geochemistry of the meta-volcanic rocks of the Iberian 
Pyrite Belt and to interpret its petrogenesis in.terms of 
maginatic, hydrothermal and regional metamorphic processes 
and it is intended to contribute to our understanding 
of the tectonic history of the' southwest segment of the
Iberian Hercypian foldbelt.
4 -'~5
Most probably the mafic meta-volcanic rocks in the
Iberian ^Pyrite Belt comprise no more than 25% of the total 
outcropping volcanic areas. They are, however, the litho- 
type which proved to be the most sensitive to metamorphic 
reactions. Several recent studies have emphasized the 
significance of basalt geochemistry for identifying the 
various tectonic settings o fj volcanic rocks in older 
orogenic belts. For these/reasons the main emphasis, of
this-study is on the mafyc meta-volcanics.
The first portion# /^f the study is dedicated to
.h
/
igneous petrology^. Previous workers concerned with/ the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
^igneous petrology of the Iberian Pyrite Belt have em­
phasized mainly field and petrographic relations of the 
neta-volcanic rocks. To complement this information
attention is focused on relict igneous mineralogy and on
* % 
the geochemistry, of certain elements, which are relatively
immobile during^ metamorphism, in an attempt to put some
constraints on the possible mechanisms of magmabic
/
generation and’diversification within the Pyrite Belt.
The volcanic rocks in the Iberian Pyrite Belt re­
present products of submarine(volcanism that underwent 
hydrothermal alteration prior to the onset of tectonic 
deformation and regional metamorphism. The second major 
interest of th\s study is thus concerned with hydrothermal 
metamorphism. Some speculative views are also presented 
concerning the-implications of the general process on 
massive sulphide and manganese ore formation.
The third main effort of this study focuses on low- 
grade regional metamorphism. It has bien known for a 
long time that the volcanic rocks of bhe Iberian Pyrite 
Belt contain metamorphic minerals indicative of the 
prehnite-pumpellyite facies {BOOGAARD, 1967). The<3is-
■51 'Jr
tribution of metamorphic minerals and mineral assemblages 
will be explored in order to understand the physical and 
chemical conditions of regional metamorphism.
Finally, an attempt will be made to explain the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
association of characteristic volcanism and regional meta­
morphism with respect to the tectonic development of the
v
Iberian Pyrite Belt.^’
r.2 THE SOUTHWEST BRANCH OF THE IBERIAN HERCYNIAN FOLDBELT
Before starting to describe the. geology of the Iber­
ian Pyrite Belt and in order to integrate it within the
«
general geological framework, the tectonic situation in 
the southwest branch of the Iberian Hercyniah foldbelt is 
first considered.
The Iberian peninsula has as its core an Hercynian 
cratonic block, bordered to the northeast and southeast 
by the Alpine belt (Pyrenean and Betic chains) and to the 
west by,the Atlantic ocean. The Hercynian belt crops out 
largely in the western part of the Iberian 'peninsula 
forming the so-called Hesperian or Iberian massif.
•o
Eastward it plunges gently below a Meso-Cenozoic plat­
form cover. The Iberian massif is crossed by NW-SE 
trending Hercynian structures,.exjcept in its northern 
part where they describe the Ibero-Armorican arc (BARD 
et al., 1971; MATTE and RIBEIRO, 1975; LEFORT, 1979).
As in many other massifs of Europe the Iberian massif 
also exhibits a longitudinal zonation which was first 
shown by LOTZE (19 45) and subsequently modified by 
several recent studies (see JULIVERT et al., 19 74; 19 80; 
RIBEIRO et al., 1979). Recent publications consider the
n  ..mi.  .... .
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FIGURE 1.2. Structural units of the Iberiar/"^
Peninsula and zonation of the Iberian 
Massif (after JULIVERT et al., 1980).
< .
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Ifollowing five geotectonic zones (fig. 1.2): 1) Canta­
brian; 2) West-Asturian-Leonese; 3) Central-Iberian;
4) Ossa-Morena; and 5) South Portuguese. These zones 
are normally separated by deep first order tectonic 
accidents, showing significant and\repeated activity, 
that suggest they might have exercised an ^important 
paleogeographic and tectonic control during the Hercynian 
orogenic cycle.
A diagrammatic profile of the Iberian Hercynian belt
shows (RIBEIRO, 1981) that the orogen has a fan-like
pattern, with steep structures in the core and outward
vergences on the margins. This.causes a first order
differentiation between the internal zones - where the
Precambrian and lower Paleozoic are best represented,
synorogenic deformation is .more intense, plutonism and 
<{t ' ’
metamorphism are widespread - and the two external zones
(Cantabrian and South-Portuguese) - where the upper 
Paleozoic shows a fuller development, the deformation is 
less intense and younger, the metamorphism is of very 
low grade and plutonism almost absent. A broad bi­
lateral symmetry results frpm this arrangement.
Within the southwest branch of the Iberian Hercyn­
ian belt (fig. 1.3) the contact between the internal and 
external zones corresponds to a major overthrust - the 
Ferreira do Alentejo-Ficalho fault (CARVALHO et al.,
19 71a) - which juxtaposes the Ossa-MoTtena and South
& us**.. -
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F I G U R E  1.3. Structural sketch of the Ossa-Morena 
and South Portuguese zones (after 
JULIVERT et al., 1980).
\
7
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/Portuguese zones I This accident may be followed in SW
/
England (Lizard, Start Point) and in Central Europe where 
it may be responsible for the rising of the Cristalline 
Ridge.
Ossa-Morena Zone
In the Ossa-Morena zone the stratigraphic succession 
starts with a polymetamorphi® Precambrian followed by 
an upper Precambrian with Brioverian affinities, which
are overlain by a Cambrian basal conglomerate (BARD et
\
al., 1972); the lower Cambrian shows a platform shallow
\
water carbonate facies followed by a thick slate-quartzite 
sequence with interbedded spilites (BARD, 1965; 1969; 
GONCALVES, 1978). The Ordovician and Silurian are present 
in a pelitic facies but contain important volcanic epi­
sodes characterized by widespread occurrence of felsic 
under- to oversaturated peralkaline rocks (ASSUNCAO and 
GONCALVES, 197Q/ and meta-basites which display gebchem- 
ical affinities to MORB type basalts (DUPUY et al., 1979). 
The lower and middle Devonian with platform facies are 
separated from the upper Devonian flysch by -a major 
unconformity that corresponds tt^ the first Hercynian 
deformation phase (RIBEIRO et al., 1979).
An outstanding structure" in th^j^one is the blasto- 
mylonitic belt. This lineament, more than 400 km long 
by up to 10 km wide, may be considered the root zone for 
the largd nappes of northern Portugal and western
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Galicia (RIES and SHACKLETON, 1971; LEFORT and RIBEIRO., 
in press) but evolved later to a left lateral ductile 
shear^'zone" which defines the northern boundary of the 
Ossa-Morena zone.
~ Regional metamorphism- is mainly concentrated along 
two belts. The northernmost one, following the blasto- 
mylonitic belt, is probably polymetamorphic and reached 
the sillimanite isograd under a Barrovian regime during9 
pre-Hercynian times, being later retrograded to the 
greenschist facies (biotite zone)'. The other one, lo-’ 
cated in the Evora-Beja-Aracena massif, reached the high- 
rank amphibolite facies and is of 'Abukuma to Bosost 
baric type (BARD, 1969).
Synorogenic magmatic activity is characterized by 
widespread’ occurrence of granitoid rocks (CAPEDEVILLA 
et al., 1973). An older group, including a high-alumina 
and alkaline types, is related to crustal anatexis and 
intruded in areas of high-grade metamorphism. Younger 
calcalkaline granitoids are often associated with diorites 
and gabbros. The latter become more abundant towards the 
boundary between the Ossa-Morena and South-Portuguese 
zones and constitute more or less differentiated sub- 
volcanic complexes often including gabbroic, anorthositic 
and plagio-peridotitic cumulate rocks (SILVA et al,,
1970; ANDRADE et a l ., 1976; BAPTISTA et al., 1976). The 
ultramafic-mafic portions of these complexes have been
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sometimes interpreted as ophiplites and correlated with 
the Lizard Complex (SW England) (ZWART, 1967; ANDRADE,
19 77) although no factual data is available to support
*
any of these inferences.
South-Portuguese Zone c-
The outer zone of the southwest branch of the Iberian 
Hercynian chain corresponds to a characteristic belt of 
upper Paleozoic Culm sediments which, apparently, can be 
traced from the Moravian-Silesian zone to the Rheno- 
Hercynian (BEHR et al., 1980; OLIVEIRA et al., in press),
t
the southwestern part of England and Ireland (MATHEWS,
19 77) and finally to the South-Portuguese zone (OLIVEIRA 
et al., in press). All along this belt the sequence 
contains important Volcanic levels followed.by Culm 
deposits. The Hercynian front separates this .belt from 
the us^deformed platform sequences of the cratonic areas 
to the nbrth in central Europe, but it is not found again 
southwest of the South-Portuguese zone which is bounded 
at present by the Atlantic ocean; from SW England and 
Ireland it might have extended to New Brunswick (Canada) 
(RAST and GRANT, 1973a,b; RASH* and STRINGER, 1975; STRONG 
et al, 1979).
In the South-Portuguese zone the oldest exposed 
beds are of upper Devonian age; acid and basic volcanism 
of Tournaisian and lower Visean age is widespread in its 
intermediate subzone, the Byrite Belt, followed by Culm
mm
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. deposits.. Further SW the series becomes thinner with 
platform .facigs from Famenian to Namurian, followed by 
a flysch of Westphalian A age (OLIVEIRA et al., in press) 
From the tectonic point of view the South-Portuguese. 
zone shows an imbricate structure facing southwest due to
i
high-angle reverse faults postdating the main cleavage
which becomes more flat towards the SW, as we approach
the major thrust planes.
Regional* metamorphic grade increases in a northward 
*
* _  * * 
direction from zeolite facies rocks south of the. Pyrite
i*
; "Belt thro'ugh prehnite-pumpellyite facies to the green-
.schist t^cies near *the Ossa-Morena zone.
The paleogeography .of the Iberian segment of the
; Hercynian belt appears to have markedly changed during
middle/upper Devonian times. Initiation of orogenic 
activity during this period imposed drastic modifications 
dn the tectonic control of the sedimentary conditions . 
which changed from platform type facies to fast sub- - 
siding basins with flysch deposition. In the Ossa- 
Morena zone the first Hercynian deformation phase was 
responsible for the rising of the Evora-B^ja-Aracena 
Geanticlinal iridge which fed the flysch deposits into the 
NE (Terena) and SW (South-Portuguese zone) marginal 
• troughs. Both the" flysch and the age of the main defor­
mation phase becomes younger towards the. SW reflecting 
an orpgenic migration to the SW which is symmetric to
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the migration,to the NE observed within the'NE branch of
the belt (RIBEIRO, 1981). •
*
v
O
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CHAPTER 2
GENERAL GEOLOGY OF THE IBERIAN PYRITE BELT
2.1 INTRODUCTION
• 4 Although it does not have any specific geological
«
meaning, the connotation "Iberian Pyrite Belt" is now
widespread in the literature. As a broad definition,
' \
it may- be -said that it corresponds to the area where*
sulphide ore -deposits are found within a volcano-sedi-
c ** ^
mentary complex, which has a well defined-stratigraphic
position in the South Portuguese zone.
The region is located ne^r the southern slopes of
Che Sierra-Morena mountainous area, and morphologically
it corresponds to an.eroded peneplain which rises in
"average 200 m above sea level but plunges gently, both
\
.toward the NW and SSE, to the Sado and Guadalquivir 
• *■
river basins respectively (FEIG, 1951) . The weather is 
hot a'nd dry and it is characterized by short winters 
■with only a ‘few torrential rains. This regime has an 
important influence On the development of the landscape 
.which, is typified by smooth alternating dry valleys and
' %4 * -
Y ^  *
hi, 11s with similar altitudes and long outstanding crests, 
funning parallel to the Hercynian structural trehd. Vege- 
tation "is dense and lush; trees are not abundant. Access-
e
ibility is good but fresh rock exposures are generally 
of ba.d quality. « —
1 6
&
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2.2 PREVIOUS WORK
The economic significance of thi^ metallogenic 
province has been recognized since proto-historical times. 
References to it in the literature may be traced back as 
far as the 8th century B.C. (see STRAUSS, 1965) and 
numerous archeological artifacts indicative of mining 
activities during Tartessian, Phoenician and Roman 
domination in the peninsula, as wel^l as written reports 
regarding the regulation of ore exploration during Roman 
times (2nd century B.C/) (see CARVALHO et al., 1971b) ,
have been found in many mining areas.
i'■
A systemmatic review of-the available modern (post 
19th century) literature made by STRAUSS (1965) quotes 
more than 200 publications, most of them dealing with 
various theories of ore genesis proposed to explain the 
formation of sulphide and manganese deposits in the 
Pyrite Belt. One should note the early work done^by" 
ROEMER (1872) , STELZNER and BERGEAT (1904) and hW e R 
(19li) who, (in spite of contemporaneous, unfavourable 
dominant scientific opinions), described the volcanic 
rocks as mainly tuffaceous submarine extrusi.ves and 
interpreted the origin of the massive sulphide and man­
ganese ores as syngenetic-synsedimentary, thus expressing 
an opinion very similar to what is adopted todays How­
ever, the importance of geology, as a tool in ore explora­
tion programs, was not fully recognized until the second
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
half of this .century .■ During the sixties, extensive 
mapping and detailed survey of some key areas produced 
the most significant results which considerably improved 
our geological knowledge about the Pyrite Belt. Several 
benchmark papers were published during this period and 
among them it is necessary to emphasize the work done by 
KLEIN (1960), MACGILLARY (1961a,b), STRAUSS (1965),
BOOGARD (1967), RAMBAUD (1969) and SCHERMERHORN and 
STANTON (1969). These authors established the fundamental 
basis for the'stratigraphy, recognized the syngenetic, 
synsedimentary-exhalative, (volcanogenic) origin of the 
ores and provided detailed petrographic descriptions of 
the main volcanic rock types in the area. • Excellent 
reviews describing the state of the art at the end of this 
decade of geological studies are provided by CARVALHO et 
al. (1971a) and SCHERMERHORN (1971a).
SCHERMfeRHORN. (1970a; 1975b) and SOLER (1969 ; 1973) 
recognized the.bimodal character of the spilite-quartz 
’ keratophiric suijte in the Iberian Pyrite Belt and pro­
posed (with minor.differences) a primary magmatic origin . 
for the‘spilitic rocks. In contrast, SALPETEUR (1976),
LECOLLE (1977) and ROUTHIER et al. (1977) considered that 
the volcanic rbcks were representative of a differentiated 
calc-alkaline suite,; they also .suggested a secondary 
status for spilites.
Hydrothermal alteratioa^fnostly in the form of strong
t
/
I> «. „ t
......  .....        - — „ ....  ...— ..— . . . . ^
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pre-tectonic chloritization, has been observed affecting 
the foopwall rocks of massive sulphide orebodies in many 
mine afeas (STRAUSS and MADEL, 1974; WILLIAMS et al., 
-1975); cymrite was reported by AYE and STRAUSS (1975)
■m -.
as occurring in these chloritized rocks at La Zarza mine < 
(Spain). Mapping of hydrothermal alteration as an ex­
ploration tool was reported for the first time by 
CARVALHO (1976) from the Cercal-Odemira region (Portugal)
(see also CARVALHO, 1979) , who also defined ^eveiral zones
i
of increasing alteration grades; diamond drilling in one
I
of these zones, which also displayed geochemical soil 
and Bouger gravity anomalies, intersected acid pyro- 
clastics with disseminated sulphide mineralization. These 
interesting ’preliminary results seem to justify more 
detailed studies on the hydrothermal alteration exhibited 
by the volcanic rocks in the Pyrite Belt.
Regional metamorphic minerals indicative of the 
prehnite-pumpellyi'te facies were reported for the first 
time by BOQGARD (196 7) from the Pomarao region (Portugal). 
Recent articles by SCHERMERHORN (19 75a), LECOLLE and 
ROBER (1976) and MUNHA (1976) recognized the widespread 
occurrence of these metamorphic assemblages within the
Pyrite Belt and also showed that the metamorphic grade
* " I
increased in a northward direction/.
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O u t l i n e  g e o l o g y  o f  t h e  S o u t h  P o r t u g u e  
Zone.
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TABLE 2.1. St rati graphic unit's of the South Portuguese 
basin {after OLIVEIRA et al., -in press).
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2.3 MAIN LITHOSTRATIGRAPHIC UNITS
The Paleozoic lithostratigraphic succession in the 
Iberian Pyrite Belt is composed of three major units 
(CARVALHO et al., 1971a; SCHERMERHORN, 1971a): the
oldest unit, the Phyllite-Quartzite Group (PQ) is over- 
lain by a Volcanic-Siliceous Complex (VS), followed by 
the Culm Group (fig. 2.1; table 2.1).
The framework of the whole succession; is charac­
terized by pe-lagic sedimentation of muds which are now 
grey to black, somewhat" carbonaceous, slates and phyllites. 
Deposition of quartz sands took place in PQ times and 
occasionally in VS times, widespread submarine volcanism 
occurred in VS times, and large quantities of poligenic 
sands were swept during the deposition of the Culm Group.
Detailed mapping shows that there is a complete 
conformity in the Pyrite Belt lithostratigraphic sequence 
from PQ through VS into the Culm. Geological and paleon­
tological evidence, discussed below, indicate that the 
deposition of the VS Complex, which represents the igneous 
stage in the development of the Pyrite Belt geosyncline, 
took place from late Devonian to lower Visean times 
(SCHERMERHORN, 1971a; CARVALHO, 1976) .
The Phyllite-Quartzite Group 
*
The lowest exposed rock unit recognized in the Pyrite 
Belt is the PQ which comprises several locally named for-
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mations., outcropping in the cores of anticlinal structures.
e
These are the Corona Formation in the Lousal area 
(STRAUSS, 1965), the Gomes Quartzitic Formation northeast 
of Aljustrel (SCHERMERHORN and STANTON, 1969), the Perni- 
lhas Formation north of Mertola (PFEFFERKORN, 196 8) and 
the Eira do Garcia and Nascedios Formations at Pomarao 
(1300GAARD, 196 7) (see figs. 1.1 and 2.1) . In Spain this 
unit has not generally been distinguished from overlying 
VS slates when volcanics appear at higher levels; thus,
I
PQ makes up the. Larger part of the Prevolcanic Formation 
of FEBREL (1967) (Calanas) and the Devonian of RAMBAUD 
(1969), GARCIA PALOMERO (1974) (Rio Tinto) and LECOLLE 
(1972). ’
, The lithofacies of PQ is similar all over the Pyrite 
Belt. Most of it consists of alterations of pelitic and 
arenitic rocks, which have undergone low-grade metamorphic
changes having been transformed to phyllites and quartz-
' > .
ites (Plate 1A). In several localities small limestone 
lenses occurring enclosed in phyllites near the tpp of 
PQ contain micro- and macro-fauna indicate a middle to 
upper Famenian age (PRUVOST, 1914;.MESEGUER PARDO et al., 
1945; HOLLINGER, 1959; BOOGAARD, 1963; 1967; BOOGAARD and 
SCHERMERHORN, 1975; FANTINET et al., 1^76).
The top of PQ is thus of upper Devonian age but its 
downward extension - at least several hundred meters 
thick - remains unknown. 1
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The conditions of deposition during PQ times have
been the subject of considerable debate. The matter for
dispute is the depth of the PQ sea, although as pointed
out by BOOGAARD (1967), there are no clear indications of
either a shallow or deep water environment. Yet,
LECOLLE (1977) in a review of the available data, sug-
*
gested that the group accumulated in a slowly sinking 
basin, possibly under shallow'water conditions (see also 
MACGILLARY, 1961b).
t
The Pulo Formation
The Pyrite Belt is bordered on the north by a large, 
elongated outcrop consisting of a monotonous sequence of 
weakly metamorphosed, strorjgly deformed phyllites, 
quartzites and minor felsic to mafic metavolcanics.
This is the Pulo Formation (PFEFFERKORN, 196 8; see fig.
I
2.1). This formatioh is separated from the Ossa-Morena
t
Zone by a narrow strip of greywackes and other rocks - 
the Ficalho Zone. The Pulo outcrop and the Ficalho Zone 
constitute the northern sub-zone of the South Portuguese 
Zone as defined by CARVALHO et al. (19 71a). |
PFEFFERKORN (196'8) mapped the Pulo Formation along 
the Guadiana River between Mertola and Serpa and con­
sidered that its northern boundar^was a conformable 
transition to his 'Santa Iria Formation (Ficalho Zone 
equivalent to the Culm Group in the Pyrite Belt). This 
led him to equate the upper part of the Pulo Formation -
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to his Carvoeiro Group, i.e. VS.
Recent mapping in the Ficalho Zone, between Serpa and 
the Portuguese/Spanish border, identified a new formation - 
the so-called Ribeira de Limas Formation (CARVALHO et a l . , 
1976a) - which is found as a mappable unit separating the 
Santa Iria and Pulo Formations. The Ribeira de Limas 
Formation is conformably overlain by the Santa Iria
*
Formation and at the base it passes transitionally to
the Pulo Formation. '
« »
CARVALHQ et al. (1976a) interpreted the Ribeira de 
Limas and Santa Iria Formations as the Ficalho Zone
0
equivalents of PFEFFERKORN's (196 8) Atalaia (lateral 
equivalent of Carvoeiro Group) and Gafo (Culm) Formations 
respectively, on the northern boundary of the Pyrite •
Belt (see fig. 2.2). The Pulo Formation is considered 
to form the core of a simple anticlinal structure and it 
is interpreted as the northern equivalent of the PQ.
Group within the Pyrite Belt. This ''makes the Pulo' For- - 
mation of PQ age, i.e. upper Devonian and older..
The Volcanic-Siliceous Complex 
_ ;The Volcanic-Siliceous Complex (VS) (also name,d 
Volcanic-Sedimentary Complex by certain authors) is a 
heterogeneous rock group with a .rapidly varying thickness 
from place to place and quickly changing volcq,no-sedimen- 
tary facies in'both lateral and vertical directions.
The thickness of VS ranges from only a few tens of meters
'
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al., 1976b).
up to 800 meters; its rock sequence varies from almost
I
entirely volcanic, as at Rio Tinto (RAMBAUD, 1969s;
[ • GARCIA PALOMERO, 1974)' and. other important eruptive »
centers, to non-volcanic, as for instance northeast of 
[ * *
- Aljustrel (SCHERMERHORN and STANTON's (1969) Corte
* >•
‘ Vicente Anes Group).  ^ s
The VS-is the only lithostratigraphic group with
abundant acid and basic submarine volcanic rocks, anST it
is the exclusive host for all the strata^bound sulphide -
. and manganese mineralizations. . w
I '
The volcanic rocks occur in lenses and levels up to
: several.hundred meters thick, contained in the sedimen-
»  ^ *
tary framework of VS. The latter is formed by Elates,.
with varying-admixtures of terrigeneous detritus and
of biogenic, chemical and volcanic components; quartzit^s
like those of PQ, Culm type greywackes (towards the top
of VS) and minor limestone lenses may also occur, within
—  the VS Complex. However, the characteristic rocks
from which the complex derives its.name are volcanics
* * *
and siliceous rocks (SCHERMERHORN and STANTON, 1969).4
The yplcanics are felsic., mainly meta-rhyolites 
(quartz-kejratophyres-) , and mafic, meta-basalts and meta- 
dolerites (spilites1, Llbite-d'iabases)^ with occasionally 
some intermediate rocks (see SCHERMERHORN, 1975b; 
SALPETEUR, 1976). The' felsic rocks largely outnumber 
the mafic ones and comprise about 70% of the total out-
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■ cropping volcanic areas. Although there is some overlap 
»
% •
of feisic onto mafic <rocks, or v^ce versa, the mafic and
felsic eruptive centres are well separated and no litho-
logical transitions have’ been described so far (SCHER- 
* * %
MERHORN, 1970a; 1975b; SOL£r ,,1973; LECOLLE, 1977).^
r >
These features, allied "to .the scarcity of andesitic rock
* \
types, confer a bimodal character to the magmatic suite 
* * *
and spoul<3 impose significant constraints for petro- 
'genetic modelling in the Iberian Pyrite Belt.
Acid volcanics are mainly pyroclastics of variable 
grain sizevS' and are grouped around eruptive centers
<
a^ong fissure-type volcanic lineaments (STRAUSS and
1 , o# ' >■ - 
MADEL, 1974), which are outlined by volcanic breccias,
agglomerates, isolated lava flows and, occasionally,
volcanic chimneys (MADEL and LOPERA, 1976; CARVALHO,
1976; 1319^  (Plate la) . Laterally these volcanics form
well-bedded medium- to fine-grained tilffs or tuffaceous
* * 'i
shales and/or interfi.nger rapidly ^ith rsediments,‘ most 
frequently shales and radiolarian cherts, indicating 
a submarine deposition. At a few places acid lavas 
exhibiting columnar jqinting and ignimbritic flows have 
been mapped (LECOLLE, 1977; LOPERA-, 1978; X. LECA, 
pers. comm., 1976), that might indicate transient
subaerial or extremely shallow water submarine volcanic
. . activity. —
If!
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PLATE 1
A.-; Folded phyllites -and quartzites of the PQ group, near 
Pomarao (South Portugal) .
B.' Felsic volcanic flows at Rio Tinto Mines (Spain).
C. Mafic tuffs, near the top of* the VS Complex (Castro 
Verde, South Portugal)t
D. Columnar jointed-mafic .flows (~10s km east of Zalamea, 
South Spain). 4
E. Pillow lavas, near the base of the VS~Complex (Zala­
mea, South Spain).
F. Proximal turbidites, near Mertola (S.outh Portugal) .
S' « 
&
I :
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In spite, of. its usual heterogeneity thgffe are large 
areas in the Pyrite Belt where it is possible to esta­
blish a generalized \^.ithostratigraphic sequence for VS 
acid volcanism. One 'may refer as a typical example to the
zone located between'^ Pomarao (Portugal) and Sotiel
\ - 
(Spain). There three major acid volcanic episodes have
been recognized which show an impressive regularity all
along the strike of the large Puebla de Guzman anticlinal
structure (CARVALHO et al., 1976). In this area (for
)
general geology see BOOGAARD, 1967; STRAUSS and MADEL,
©
1974; MADEL and LOPERA, 1976; ROUTHIER €>t al., 1977) the 
VS lithostratigraphic sequence startjg_with acid tuffs that
correspond to the Cerqueirinha Formation at Pomarao and
1
to the Tharsis-1 volcanics, which is £he productive 
massive sulphide level at Tharsis mines. They are over- 
lain by a slaty formation (Touril Formation at Pomarao), 
tl^at contains an intercalated tuffaceous level also re­
cognized at Tharsis (Tharsis-2,volcanics), and at Sotiel 
where it is associated with lower Visean limestones and
ts*
massive sulphide mineralization. The last volcanic
k•
phase, at the top of VS, is present at Pomarao (Aguia 
Formation) and Sotiel, and corresponds to the widespread 
explosive Gatos volcanism at Tharsis. For other areas
t
this type of sequence is no^  strictly applicable and one
or even two of the above mentioned acid volcanic episodes
© *
may also occur at different levels; for instance at Rio*
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^  Tinto, La Zarza and Aljustrel pyritic orebodies occur 
associated.with felsic tuffs near the top of VS and are 
overlain by thin beds of jasper and siliceous slates 
that establish the transition to the Culm Group (SCHER­
MERHORN and STANTON-, 1969; STRAUSS and MADEL, 1974;
GARCIA PALOMERO and MARTIN,- 19 76) . „
Mafic volcanics appear in many parts of the Pyrite
Belt, however, their greatest extent and thickness is 
*
always observed at larger distances from the centres of
: the acid volcanism and hence most frequently associated
with slates and siliceous sediments. ( ■
Mafic lava flows and tuffs (Plate 1C) show their^
largest^ development in the west of the Pyrite Belt,
occupying a zone which stretches from Castro Verde to
/
north of Lousal, in south Portugal. Here they form the 
upper part of VS, locally overlain by Culm slates (SCHER­
MERHORN, 1970a), but most frequently separated from it 
by up to a few meters of siliceous slates and Mn-jaspers.
In Spain-"spilitic" flows occur at different levels but 
more commonly near or at the base of VS (see FEBREL,
1967; RAMBAUD, 1969; STRAUSS and-MADEL, 1974). Except 
for the very rare columnar jointed flows (Plate ID), the 
occurrence of pillowed "spilites" (Plate IE) and more 
specifically, of radiolarian chert filling the inter­
stices' in pillow lavas (WILLIAMS, 1966; SCHERMERHORN,
19 70a) indicate that the volcanism took place in a sub-
I
■. o
i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pt".4*
marine environment:
' *
Mafic intrusives form sills and less often irregular
masses which may have acted as the channelways to the mag­
ma. According to SCHERMERHORN (1970a) doleritic sills 
represent high level intrusions injected, in part, into 
semiconsolidated sediments at no great depths belcw the 
sea floor. Although they tend to be more widespread than 
spilites it is usually observed that the greatest volume 
of intrusives was emplaced in areas where mafic flows 
were also abundant. Very* large intrusions have been 
occasionally mapped (see AYE, 1974), which may contain 
ultramafic cumulates, like those at Tharsis (STRAUSS and 
MADEL, 1974) and near the village of Los Barros JE. LOPERA, 
pers'i comm., 1978) within the Spanish part of the Puebla 
de Guzman anticline; however, individual sheets are 
rarely over.25 meters thick. The contacts of the sills are 
generally concordant with the host strata, show chilled 
margins and produce contact metamorphism which ranges 
from slight induration of the wall rocks to cordierite-
t
a'
andalusite hoirnfelses and spo'tted-slates around larger 
bodies. Outcrops tend to be highly jointed, deeply 
weathered-, producing a reddish-brown soil, and fresh 
rock exposures are not common.
The age of the VS Complex has been defined on the 
basis of fossil evidence (QUIRING, 19 36; CARRINGTON DA 
COSTA, 194 3; BOOGAARD, 196 3; PFEFFERKORN, 1968; BOOGAARD
If-'
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and SCHERMERHORN, 1975) and with reference to the well 
dated underlying PQ and overlying Culm (upper Visean) 
Groups, as ranging from the uppermost Devonian to lower 
Visean* A somewhat wider time span for volcanic activity 
was recently recognized by CARVALHO (1976), who also 
advocated a-northward migration of the volcanic front, 
with” volcanism starting in the upper Devonian at Cercal- 
Odemira region (fig. 2-1) and lasting until upper Visean 
times in the northernmost part.of the Pyrite Belt. 
However, this migratory pattern ma^f not have been so 
simple since meta-volcanic rocks are known from both 
Pulo (ZBYSZEWSKI et al., 1964) and Xistos do Freixial 
(equivalent to Ribeira de Li-mas) (ANDRADE et al., 1977) 
formations, that suggests that volcanism, although not. 
so widespread as in Cereal, may also have started earlier 
in the north.
Deposition of the VS Complex started with wide­
spread felsic volcanism producing thick piles of mainly 
submarine tuffs in many places. Between and away from 
the acid eruptive centres, the prevalence of clayey 
sediments, with intercalated maficcvolcanics and bio- 
genic/chemical admixtures, suggests pelagic deposition.
It seems thus, that the paleogeographic environment for 
the Pyrite Belt during this period may have^been charac­
terized by submarine volcanic highs (locally emergent)
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alternating with pelagic troughs where sedimentation 
went on essentially undisturbed except by tuffitic, 
biogenic and chemical interbeds as a result of nearby 
volcanism. The incoming of Culm-type greywackes, towards 
the top of VS, marks the onset of tectonic instability 
and strong differential subsidence which culminates 
during the deposition of the succeeding Culm Group.
The Culm Group
The Culm is a thick, well stratified, monotonous
s
succession of alternating greywackes and slates, with
rare conglomerates, deposited in a strongly subsiding
basin along the rising Evora-Beja-Aracena massif. This
group is well represented in the Pyrite Belt and cover
a iferge area to the south of this belt. North of the
rite Belt, along the Ossa-Morena Zone, there is ah area
ontaining Culm-type greywackes, the Ficalho Zone.
Similar Culm-type strata, the Terena greywackes, occur
01
on the northeast flank of the Evora-Beja-Aracena massif 
(see figs. 1.3; 2.1).
Recent work (OLIVEIRA et al., in press) on the 
Portuguese part of the South Portuguese Zone Culm Group 
recognized three lithostratigraphic units: the Mertola
Formation (upper Visean)*, the Mira Formation (uppermost 
Visean to middle Namurian) and the Brejeira Formation 
(middle Namurian to lower Westphalian) - which record 
the .progressive development of the sedimentation area
PP
m
w
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FIGURE 2.3. Schematic geological map of South 
Portugal (after OLIVEIRA et a l ., in 
pres s ) .
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(fig. 2.3; table 2.1). Their total thickness may have 
exceeded 5 km.
Mertola Formation
i “  . / •- , The Mertola Formationrcor responds to the zone that
is usually referred to as the'Pyrite Belt. It is a typi-
\
cal proximal turbidite sequence (WALKER, - 1967; 1978) 
with prevailing A-B Bouma divisions (BOUMA, 1962) and 
sand/shale ratio > 1 (Plate IF) (OLIVEIRA et al., in 
press) .
The greywackes are medium to coarse grained felds- 
pathic sandstones rich in rock fragments (for petro- 
graphic descriptions see STRAUSS, 1 9 6 5 BOOGAARD, 1967; 
FRISCHMUTH, 196 8; RAMBAUD, 1969; SCHERMERHORN, 19 71).
In a fewT“p-iaces polygenetic conglomerate lenses have 
been observed intercalated in the turbiditic rock sequence. 
Their lithological composition is similar to that of the 
associated greywackes,being noteworthy the occurrence of 
volcanic-derived pebbles which show close affinity to 
the rocks of the VS Complex. In some cases they occur 
in the neighbourhood of pre-cleavage 'overthrust planes 
(see SCHERMERHORN and STANTON, 196 9; CARVALHO et al.,
19 76b) - the Namorados - S. Marcos de Ataboeira - 
Biguina thrusgt (fig. 2.3) - that suggests an olistro- 
strome type deposition.
Mira Formation
The Mira Formation is mostly shaley with a tur-
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biditic sequence showing dominant B-C, and C-E Bouma 
divisions (OLIVEIRA et al., in press).
The greywackes are similar to those in the Mertola 
Formation but with fewer feldspar and volcanic rock 
fragments and a correspondingly higher amount of 
quartz (see KLEIN, 1960) .
According to OLIVEIRA et al. (in press) the tur-
/
bidites of the Mira Formation ate more distal than those 
of the underlying Mertola Formation and.may have been 
deposited in the'external zone of the middle and lower 
fans (NORDMARK, 1970) of the submarine fan.
In the Cercal-Odemi'ra region (fig. 2.3) the VS 
Complex (upper Devonian to lower Visean; QUIRING, i9 36; 
CARVALHO, 1976) is overlain by a polygenetic conglomer­
ate (Vale Longo conglomerate; KLEIN, I960) and the more 
widespread Abertas shales (CARVALHO, 1976) which are 
considered by OLIVEIRA et al. (in press) to represent 
the base of the Mira Formation (of lower Namurian age 
according to fossil evidence) . The ab'sence of the upper 
Visean Goniatite faunas, so- characteristic of the Culm 
'Group all over the basin, as well as the^presence of the 
conglomerate'level suggest an important sedimentary 
hiatus during Visean times.
Brejeira Formation
Towards the base of the formation the turbidites 
- form thick beds with predominant A-B Bouma.division. The'
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sandstones are of impure quartz itic’-type , better sorted 
and richer in quartz than those of the previously des­
cribed formations. However, to the south (.top) they 
are clearly distal with only rare incursions of thin 
graded beds (OLIVEIRA et al., in press).
The Carrapateira-Aljazur Area
In this area a somewhat different upper Devonian to 
lower Westphalian sedimentary' sequence has been esta- ■ 
blished (RIBEIRO et al., 1979; RIBEIRO, .in press).
This sequence (table 2.1) is composed of shales and
quartzitic turbidites (Tercena Formation) followed by
black nodular shales (Bordalete Formation) and overlain
/
by impure dolomitic limestones (Murracao Formation) and 
black coaly shales (Quebradas Formation). The top of 
the sequence corresponds to the base of the Brejeira 
Formation flysch.
Paleogeographic Development
From what has been described it seems possible to 
recognize, for the upper Paleozoic of.south Portugal and 
southWest Spain the following pa-leogeographic elements
OLIVEIRA et al., in press) :
- a hinterland: the Evora-Beja-Aracena massif
- a sedimentary area:
a) north of the hinterland: the Terena zone
b) 'towards the southwest
. b.l - a sedimentation belt between the
k Z* *
o
Evora-Beja-Aracena massif and. the 
Pyrite Belt (Ficalho Zone, etc.) 
b.2 - the-Pyrite Belt 
^ b . 3  - a foredeep:- the belt of maximum
sedimentation which has been.pro-
* ' gressively filled by terrigeneous - •
material.
t foreland (?) : probable emergent area south­
west of the actual Atlantic coast*. . ^
South^of the Evora-rBeja-Aracena massif, marine 
sedimentation seems to start early in the Devonian with 
deposition of muds/sands on the stationary basins (PQ
^Group* Pulo Formation) near the southern border ,of the
* * ' " 
hinterland'and within the Pyrite Belt.
In the upper Devoniaft.initiation of the first Her- .
cynian phase gradually .raised the Evora-Bepa-Aracena
Geanticline providing turbidit^ic material which filled
the marginal troughs- bordering the ridge on the northern
•flank of the Terena Formation and to the southwest the
« *
northern subzone of the-South Portuguese Zone (Ficalho_
* /■ \
zone). Meanwhile felsic volcanism’ started in the Cereal
region and further southwest (Carrapateira-Aljezur area) .
* ^
there is flysch deposition, derived from, the southwest
r f •
(RIBEIRO et al., 19,79). . .. »
\ yV *
Widespread, volcanic activity started within the 
Pyrite- Belt in the Tournaisian, suggesting renewed
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teutonic mobility during a tensional phase; the paleo- 
^jeography bedomes complex with volcanic-highs (locally 
emergent) alternating with troughs where pelagic sedi- 
mentation is taking^ place but progressively changes to 
more terrigeneous, immature deposits. In the southwest-
t » i *
the turbidites give way to shallow water euxinic faciSps.
» »
In the upper Visean thg flysch reached as far as^the Pyr-
i * ‘ -ite Be It zone. According to5 paleocurrent data (FANTINET,
1963; BOOGAARD, 1967; FRISCHMUTH,<1968; SCHERMERHORN
/• \
•1971a) the terrigeneous material comes from the north-east, ' 
mostly fro$i the Evora-Be j ^ -Aracena massif but also rfrom
i ^
the Pyrite Belt whi.cl} itself by then already formed part
of ,the growing bwjterland (see MACGILLARY, 1961b) .
Towards the southwest the Cereal region probably remained
as a volcanic shoal while in the Carrapateira-Aljezur
- « A*
area there was deposition of shallow water limestones. 1
During-Namurian times the maximujp^ubsidence axis
a • ' V »•
migrated towards;the southwest and the Cereal area was 
drowned by dist^P ^ arbidites. .Further southwest there
\  |  . * . j*
was pelagic sedimentation.
In the lower Westphalian.' subsidence i-s located in 
the soffthweat .corner of the basin, with deposition of
4 l
proximal Vo distal turbidites derived from the north.
t *' f
The depositions1 pattern thus shows that the belt
ft * . - *.
• ' • £  
of. maximum sedimentation, thait* is the axis of the fore-
7 ’ jt ‘ ^
deep, migrated towards,the southwest while the hinter-
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land migrated to the foredeep. These^features clearly
m> *   ' '
define the v^ourhward^ (.SW) sense .of po*larity in the sedi­
mentary and tectonic development of the South Portuguese 
Zohe. z /
2.4 HERCYNIAN STRUCTURES
<? * «
•A'
Deformation of the ScUrth Portuguese Z-one took place 
during the Hercynfan orogeny. The first and-main oro-* 
genic phase, of pre-Westphalian-D age (CARVALHO et al., 
19 74a; SCHERMERHORN, 19 71a) produced south and southwest 
verging folds with^ associated development of cleavage ,
V" Z
and low-grade regional metamorphism.
Macroscopic structure's in the Iberian Pyrite Belt
« . * 
are mainly defined by Sub-rCulm (VS, /PQ) anticlinal
I V
' ■ 1  t
outcrops whifch trend ErW in southwest Spain but change 
progressively, to a NW-SE direction in south Portugal 
thus, dfescyribing a virgation conbave to t^ ie northeast 
(see fig. 2.1). /
• ft • < *
° - .Sub-Culm anticlines generally!have steeper or 
^ * overturned south*/southwest flahks, often in thrust^ , 
contact with the Cfclm to the south oir/Southwest. Both •
folds and 'thrusts are steepl^ dipping to the NE in the
$
northern part of the area becoming nearly flat in the
southwest (FEIO and RIBfSIRO, 1971; CARVALHO et al*.,
1971a; 1976b). The relations between folding and
* -
, *
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thrusting are variable. SCHERMERHORN and STANTON (1969)
and CARVALHO et.al. (1971a) have shown g.ood evidence of
. * ° •
important overthrusts from north toward south, prior to
.the development of the main slaty cleavage? these are 
often associated with olistrostrome type deposits and
> V
probably represent synsedimentary thrusts (RIBEIRO et al.,
1979). Ln general, however, the imbricated structure is
• ' \  •
due to reverse faults postdating the'mairf cleavage.
*
In certain areas this cleavage shows a significant 
northward deviation relative to the axial plane of 
folds thus suggesting ^he existence of a dextral shear 
component associated with the main northward Hercynian 
compression (CARVALHO, 1979; 'RIBEIRO et al., 1979).
The intensity of deformation within the South 
Portuguese 3ohe increases downwards and to the north.
In its northern su,b-zone the main deformation phase in the
n \v'
deeper structural levels (Pulo Formation} produc^l 
multiple, mainly coaxial, isoclinal folding associated1
 ^ ta
with strongly penetrative foliations while in the extreme 
southeast, Culm strata shows open, folds without developing 
any cleavage (see 'also CARVALHO et al., 1976a) ..
• Low grade regional metamorphism took place during the 
final stage, and still somewhat after the.main folding 
phase. (SCHERMERHORN, 1971a; 1975b; MUNHA, 1^76). Later,
a O v
a second de^ormational phase caused the development of
« • a
microfolding and crenulation cleavage, locally associated
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with large scale transverse folds (see STRAUSS, 1965) .
These, are mostly steeply dipping or plunging structures
\. • • il
trending north to northeast, almost at right angles to 
the first-phase structures, denoting axial shortening 
in regard to the latter. The Specond phase was nbt assoc­
iated with regional metamorphism’ and seems to have been 
less intense than the first phase.
Following the main folding phase, a conjugate
K
set*of strike-slip faults developed which have preferred 
NNE and ENE-WSW strikes vith important displacements, 
principally in south Portugal (CARVALHO et al., 1976b)’.
The great sinistral Messejanh wrench fault (fig. 2.1), 
with an approximate extension of 500 km across the
Iberian Peninsula, seems to be related with^arly stages
f *
of tfee opening of the north Atlantic (SCHERMERHORN et 
al., 1978). Tn part it i’s marked by tholejitic dykes 
(ASSUNCAO, 1951; TEIXEIRA et al., 1970; FIGUEIROLA et 
al. , 1974) ranging in age from Permian to upper Jurassic 
(TEIXEIRA, 1972; ANDRADE, 1972; TEIXEIRA and TORQUATO,
1975) . -  -
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CHAPTER 3 ' 
IGNEOUS PETROLOGY
/3.1 INTRODUCTION
\
/
I
Difficulties arise when one studies the igneous
petrogenesis of older volcanic rocks, since they commonly 
lose more or less their primary igneous features during 
periods, of metamorphism and deformation. This, of 
course, is one of the main reasons why the petrogenesis 
of ancient eugeosynclinai rocks remains poorly under­
stood. ' • . s
The Iberian Pyrite Belt, volcanic rocks invariably
show some degree of secondary alteration, and, except for.
*
pyroxene, primary igneous minerals are largely replaced 
by metamorphic minerals.
It has been known for some time (GILLULY, 1935; 
BATTEY, 1955; 1956; 19 74; VALLANCE, 1960; 1965; 1969; 
1974b; DICKINSON, 1962? MEYER and HEMLEY, 1967; SMITH,
fife1968; CANN, 1969; 1970; Hf RT, 1969; MIYASHIRO et al,,
1971; REED and MORGAN, 1971; AUMENTO et al., 1976;'ROSE
and BURT, 1979) £hat;.the composition of volcanic rocks
«■V ,
can be changed during hydrothermal and low-grade regional
/ \ 
metamorphism. Thie seems to have been the case of many
volcanic rocks within the Iberian Pyrite Belt (see MUNHA,
1979; MUNHA'and KERRICH, 1980) . For these reasons, samples
• f
V
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used in thi^ s portion of the study have been selected
4
from among those showing the least degree of secondary 
alteration, and the geochemical data base has been res­
tricted to elements such as Al, P, Sc, Ti, V, Cr, Ni,
thought to be relatively’ immobile during weathering and
1971;. HERRMAN-et al., 1974; FLOYD and WINCHESTER, 1975 ; 
SMITH and SMITH, 1976; COISH, 1977; CONDIE et al., 1977;
The systematic covariance of the supposed "immobile"
chemical characteristics of relict high temperature 
igneous phases suggest that they indeed represent ori­
ginal igneous features. The discussion in this chapter 
is hcised on this premise.
3.2 PETROGRAPHY - MACROSCOPIC AND MICROSCOPIC OBSERVATIONS
' ^
The meta-volcanic rocks in the Iberian Pyrite Belt 
comprise a wide variety of rock types ranging from ultra- 
mafic to felsic in composition.
* ''
STRECKEISEN (196 7) has summarized the diverse 
opinions concerning the nomenclature of volcanic rocks, 
and has proposed a very*logical classification based on 
several mineralogical and chemical parameters. Unfor-
Y, Zr, Nb, RE and F-eO^/MgO ratios which are generally
metamorphism (SMITH, 196 8; CANN, 1970; PEARCE and CANN
HANSON, 1980)
elements, and thdr congruent relationships with the
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tunately this or any other rock classification scheme can­
not be strictly applied to altered volcanic, rocks since 
knowledge of their original chemical and/or mineralogical 
composition is required, an information which is often 
difficult -if not impossible to obtain foie, many meta­
morphosed rocks. In view of this constraint the Iberian 
Pyrite Belt meta-volcanic rocks have been simply sub­
divided into mafic, intermediate and felsic according
to chemical criteria and inferred igneous mineralogical
%✓ ■» ^
composition.
The mafic group comprises essentially rocks of 
| basaltic composition (Si02 < 5  3% anhydrous) and corres­
ponds to the "spilites" and "albite-diabases" of 
previous authors (SOLER, 1969; 1973; SCHERMERHORN,
1970a; 1975b) . The intermediate group (Si02 - 57-64%) 
corresponds to andesites, and the felsic division 
(SiC>2 > 64%) to most definitions of dacite, and 
rhyolite (see also EWART, 1979). According to the nomeri- 
clature adopted by previous workers most of the inter­
mediate rock samples studied here could be designate^ 
as keratophyre (KLEIN, 1961; BOQGAARD, 1967; SCHERMER­
HORN, 1970a; 1973) and most of the felsic rocks as quartz- 
keratophyre and quartz-kalikeratophyre (SCHERMERHORN,
1970a? 1973; 1975b; SOLER, 1973).
a) Mafic Rocks
■»
Mafic meta-volcanic uniats, composed both of extru­
sive vtocks - massive lava flows, pillow-lavas vand pyro-
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elastics - and intrusive sills occur throughout the VS 
stratigraphic sequence (see SCHERMERHORN, 1975b) . In
order to emphasize petrological variations for different 
levels of the VS mafic sequence, two groups of samples
representative of extrusive rocks and several samples of
' ;
doleritic sills were selected for this study. The samples 
which constitute the first set, from now on referred to 
as the "lower mafic lavas", were collected mainly from
v
an area, between ENE of Calanas and Rio Tinto (in south­
west Spain), where mafic volcanics are known to occur at 
low stratigraphic levels within-the VS- Complex (at a few 
places immediately overlying the PQ Group (FEBREL, 196 7; 
RAMBAUD, 1969; GARCIA PALOMERO et al., 1975) and con- 
sequently they may be taken as representative of mafic
extrusive magmatic activity at the onsetjof^VS times.
* 1 
The second set comprises rock samples which occur near
<■
the top of -the VS sequence and were collected mainly from
*
the Castro Verde-Ourique region of South Portugal (see 
also SCHERMERHORN, 1970a); these samples will be referred 
to as the "upper mafic lavas". Doleritic sills have 
been interpreted as part of the magmatic channelways 
feeding the mafic extrusions: they provide an important
source of data which complement the information obtained 
from the two sets of extrusive rocks, 
a.l) Lower Mafic Lavas
Except for phenocrysts the grain size' of the massive
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lava flows does not exceed 1 m m # sq that the ,rocks vary 
•from fine-grained to aphanitic. Although in general the
r
rocks are grey-green in colour, they may also be bluish-
green (pumpellyite rich samples), yellowish-green (epi- 
»
dote rich samples)‘or reddish (hematite rich samples).
Many massive lava flow samples contain'-abundant 
primary igneous minerals or their pseudomorphs. Pro­
bably more than 70% by volume of the flow rocks was 
originally composed of plagioclase, augite and Fe-Ti 
oxides, the rest being amygdules and interstitial 
material. The interstices and amygdules, now occupied
4
by secondary metamorphic minerals, probably represent 
the glass and vapour components trapped in the^crystal- 
lizing lava. In contrast with the' upper mafic lavas, 
the amygduies, which are typically almond-shaped, are of 
small size (<2 mm) and constitute in general less than 
3% of the flow volume. Microscopically however, it is 
difficult- to distinguish true amygdules from variously
shaped interstitial material.
&
The missive lava flows have predominantly inter-
granular to subophitic (Plate 2A) or porphyritic tex- _
tures. The groundmass texture is intergranular (Plate
2B).‘ Phenocrysts ate plagioclase and more rarely augite
which also occurs as anhedral grains interstitial to
*
plagioclase microlites of the groundmass.
*
&  - 
“ *
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Plagioclase is in subhedral intergrowth with augite
[ "and ranges in -size from <.5 mm in ,the groundmass to
t
i
| about 2 mm in the phenocrysts. It is invaria.bly replaced
I
i by secondary albite and other metamorphic minerals.
f
| However the presence o’f relict zonal structures and
t
abundant inclusions of secondary Ca-aluminosilicates 
clearly indicate its more calcic ’igneous composition.* 
Contrasting with plagioclase augite often remains 
'fresh or only partly replaced by secondary minerals.
-m
In the lower mafic lava samples augite is typically pale 
coloured, colourless, of pale-green to very pale pinkish-
\
brown., Augite may have constituted Up to 40% of the 
*  ^
massive flows and mostly occurs in subhedral to anhedral
sub-ophitic or intergranular crystals less than 1 mm
across.' , .
Fe-Ti oxides and their replacement products comprise
about 5-10% of most massive flows, occurring as late
stage anhedral mrcrograins or small lamellar (ilmenite)
crystals largely replaced by sphene.
Pillow Lavas:
PUfcow-lava structures have been described from 
various places near the base of the VS Complex (GARCIA 
• PALOMERO and MARTIN, 1 9 7 6 RAMBAUD, 1969; WILLIAMS,
1966); samples for this study were collected from an 
9 outcrop near the Zalamea la Real village, about 8 km 
west of Rio Tinto in southwest Spain.
* y
m.
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The -pillows are tightly packed, "closed packed 
pillow lava" as described .by CARLISLE (196 3) f with the 
matrix comprising-.only a very small percentage of the 
total volume.
Although the matrix now consists largely of secon-
/
dary carbonate, quartz, epidote, chlorite and small size 
highly carbonatized pillow lava fragments, the original 
inter-pillow may have been filled with trapped sea water 
and minor amounts of cogenetic detritus, as suggested by . 
ocean bottom photographs of pillow structures. WILLIAMS 
(1966) refers to radiolarian chert infilling the' inter­
stices of pillows froirt the Rio Tinto ajrea.
Pillow lavas have a finer grain size than most of 
the massive flows. They also seem to have been more 
reactive to metamorphic recrystallization since no 
relict igneous minerals were observed. Pillpw interiors 
typically show a blasto-intersectal to blasto-inter- 
granular (locally variolitic) texture (Plate 2C), with 
albitized plagioclase microlites in a Completely re-
v
crystallized siliceous matrix. Divergent actinolite
needles may represent pseudomorphs after intetgranular
♦3
clinopyroxene or tachylytic material'. Irregular chloiri- 
‘tic patches probably correspond to former glass. Towards 
the pillow margin the average plagioclase.Jsize decreases,
. the matrix/plagioclase microlites volume ratio increases
v.
and the microlites acquire a plumose shape; all these
* jif t
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features suggesting an increase in the cooling rate.
Pillow? have a thin (2-3 cm thick) chilled rini/**which is
distinct in colour and texture to the naked eye. Although
in its pristine state 'the pillow' rim was most probably
a glassy material, it is now entirely replaced by pump-
ellyi-te, epidote, chlorite'and other metamorphic
4
minerals (Plate 2D).
Mafic Pyroclastics:
Mafic tuffaceous rocks, probably formed by frag- 
mentation of basalt rapidly quenched by sea .water, occur 
associated with the pillow lavas. The tuffs are well
foliated and commonly enriched in iron oxides. Tl e^y 
<3i -
seem to have been essentially composed of glassy frag­
ments, now mostly flattened owing to deformation, which 
in some cases include euhedral plagioclase phenocrysta
or glomerophenocrysts. The mineralogy is now completely
V <•
metamorphic,and nothing of its original constitution can
be determined. Similar mafic pyroclastic rocks' have
been described by RAMBAUD (1969) from‘the Rio tfinto area
f
and by MIDDLETON (1960) from the Hercynian of SW Eiig-land.
, s ~  ^
a.2) Upper Mafic Lavas
The tipper mafic lavas vary from very fine grained 
to aphanitic, their grain size being (apart from pheno- 
'•crystsf usually less than .5 mm. They are grey-green to
* . y
reddish (due to^high hematite content) in colour and 
• * »
r • ' ’v"')
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■;-' ^  • •?’ -•
: .-.V TIGHT^BINDING •
Reliure- ftrop .rigide
55
»  ,
show a high resistence to erosion tending to form rocky 
ridges.
The rocks are in general highly vesicular. The 
amygdules, often filled by calcite, chlorite and 
hematite, are spherical to almond shaped . (when not 
deformed) and can reach Up to several cms in diameter 
(Plate 2E).
Due tbk their high porosity the upper mafic lavas 
commonly show a very high degree of alteration, and 
consequently relict igneous minerals are very'rare. 
Strongly deformed lavas have been transformed to green- 
sGhists consisting of ,an aggregate of chlorite, calcite, 
white mica and albite) with sphene/leucoxene., Sometimes 
epidote, actinolite, hematite, magnetite and sulphides
v ^ ,
are also-present. Less deformed samples are made up 
of albitised plagioclase microlites, often in a random 
arrangement, occasionally accompanied by phenocrysts, 
floating in a groilndmas^ of chlorite and finely granular 
sphene/leucoxene , iison oxides , * calcite ahd epidote. In 
the few exceptional samples -in which relict igneous min-^  
erals may sti^li be observed the texture may be best
V
described as pilotaxitic with laths of plagioclase and.
*
grains of pyroxene set in an altered finely? crystalline ,
* * e
mesostasis. Invariably the pyroxene is a purplish^co 
purplish-brown titaniferous augite sometimes partially 
‘replaced by kaersutite. .A few chloritic pseudomorphs
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after olivine (?) and abundant sphene/leucoxehe micro-
^grains (after Fe-Ti oxides) were also observed.
- > « *
The presence pf titaniferous augite in the* upper..
lavas contrasty with the clinopyroxene varieties ob- 
* * 4 £
&
.served in t;he lower lavas, indicating that the upper
mafic lavas have affinities with alkali basalts (MAC-
%  ' ' *
DONALD and KATSURA, 1964). •' * . 0
► * *
Abundant pyroclastips are associated with the upper
mafic lavas. Some <Jf .these materials were described by
i * * *
STRAUSS (1965) -as "sohalstein",.whereas SCHERMERHORN 
(1970a) interpreted them as chill-breccias formed by
* * ’ „ f ”
• • ■. 
accumulation of pillow-lava debris produced by shatter-
« * i
ing of "spilite" p'illows -under the sea §nd subsequent
* 5 * - — i
* transportation by sliding arid gravity flow.
o °
a.*3) Doleritic Sills •
' ’
• . Doleritic rocks- have a dark green to grey-green”'
i ■*
- colour (when fresh)- and, ertcept for very thin sills or-
' * * * T
the chilled margins of thicker onesf .are'coarser than.the 
lava flows- (plagioclase laths may reach- up to .7 cmj . 
t The composition and.texture of the meta-do^rites
< « ' i ' .
are not uniform throughout the whole of a sill. In the
* L A% * * ,
outer part (up to a few meters) the rock consists’ of 
small albitized plagioclase crystals in a randjpm
■ . v  ' ’ ■
arrangement. The plagioclase crystals are set in a
1 " \ * *
Chlorite-carbonate matrix which probably corresponds to
former glass ahd/or ferromagnesian minerals. .The inner ^
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
parts qf the dolerite consist^ largely of medium— grained 
plagioclase and pyrokene crystals (or their replacement
products). In addition many samples contain ilmenite/
. ' * . ’ . • ’ •Ejl-magnetite (r;are^ ,. amphiboles, bi'otite, apatite, K-
♦ *■ • ""
feldspar apd quartz*. Late stage minerals, such as
* . ' c * 
chlorite, actinolite, prehnite, pumpellyite, epidote,
sphene/le'ucoxene, sulphides and carbonate occur in f * , *
many samples, occasionally in large amounts. The texture
*•»
is sometihies ophitic, but , most commonly' sqbophitic
l S v « . f
'  -  * ' * 
int'ergranular (Plate ’2F) . - . •
‘ o *■* o V
Ultramafic; cumulates . (picr«itit dpierites?) may also >
• i ■.
ocbhi* within some doleritid sills: 4 However, poor expos-' * v ~
. _ ' 1
urgs, and 'deep weathering prevent evaluation o.f their
• r
 ^geometric relationship tpo the .mafic, parts. Of the sill .
A '/ • * •* ® *• *
S  *' ' * C,  '
.The rocks, while not deformed, • are .liighly altered to*' - • - - ■ « . * V ' ‘i * ;  ^ . . d ->«• - • . '4 » ,J
serpentine. therefore their origind-1 composition can *
. < . A  , v
*' only be inferred frdm the shape' of pseudomorjfhs and
- f 6  ■
y
fresh .igneous, reliif€ minerals (Plate" 3A).'. Probably
• ' ' » ’ . ‘ ^O . * ^
_ more than 70% of. the cumulate rock volume was originally 
’ s . . . ~ ~
.^.composed of'Olivine ,* p^lagiociase v (plctgioclase crystals
'"<f\ • ■ /  ' L  . > ' / ' \- •
* weire Vjot observed but - rectangular shaped serpentine-
• % ;» *• \ " 4 .. *• 
chlorite pseudomorphs often jincluding.secondary'diopside ’
■ „ ' * 1 * s/ j. ■'*,*' * / * " * - . 1  •>
and grossular are sdggestive* o f  replacement) and minor 
- ' " *  ■ • * . , 
spine'^ L (c&out*-1-2$) , £he rest being intorcumulafce^ v
V - ' * .  • * i * ♦ *• ’, . f * , <
clinopyroxehe, Cr*_ti‘fanomagne.tite, ilmenite , a m p h i b o l e
* * ■*. ' ■ •. «■ Q  • ■ . *
and mica'. TextdraI felatipns suggest tr>at spinel may
•’( ' N ‘ ' .  * * * *  "  . ■ * . • *  - - .
f ’ • - ;  ^ . 4 - . •. c \• ;  * ■ ' •\. r  • > / . . y k
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
have smarted to crystallize before, or simultaneously with 
Hivine and (or followed by) plagioclase. (Clinopyroxene 
was the latest major phase to crystallize, a conclusion 
in accord with the plagioclase-clinopyroxepe relations 
- observed in many doleritic rocks. •
- The detailed petrographic'examination of relict
' • ’ . . • ' 1 
igneous phases of a large nunber of samples .has permitted*,,
recognition among the sills of'two doleritic.. rock types.
Type A - characterized by ilmenite-plagioclase-
*" * o* * - v * ^ -
(pale coloured) augite. Sporadic occurrence of quartz-
« * j " *
K-feldspar as late stage grahophyric intergrowtl^s suggests'
l 4 I• •
tholeiitic affinities for this rock group-.' • ^
Type B - charhct'erizbddjy Ti-magnetite (rare). - - 
* ’ * :
i 1 me n i t e - ap atite-plagiodl a'se -1 it an i fe r o us augite- 
kaersutite-biotite. The relict mineralogy, .which is
* r . .
identical to-;that;of the upper mafia lavas, indicatesST • « *t t
affinities with the alkali'basaltic rocks (s^^ . WILKINSON,
1974; BROWN, 19.67) It is -interesting to note that type t ,
r » l~.. * " ' ^ •
B doleritic rocks tend td 'intrude, at bigh levels withinv *
i ' ’ . * , - ^K0h‘"
r  * «  ” * 6the VS* sequence, beinf sometimes intimately associated?.: • .
L * v ** >-
with .the upper lava .flows. ' ' <■
• - - • t •4^. * . * 9 . > - '  v
■ ' MagmatiSm. involving the production of mafic volcap^
' >* - 7. -v, *' ; .
ic rocks •which changed^prCgressively from tholeiitic to
' . ' r > *• • . '' ’ ' -  '
alkaline basalts is* thus suggested f.or bpth intrusive 
and -extfltusive maf icropk s in thf Iberian Pyirite Belt; this
- * 1 * . . .  I * • f>
* . .* % ^  4 ■ I *
is similar to the trend exhibited -by the probably‘-Wrrela-
. ‘ ‘ - \ 7, . / ■■ . * -
' ' • ' , ‘ ' - V *  ^  ,
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PLATE 2
A. - Plagioclase and (rare) augite.phenocrysts in an inter-
granUlar textured groundmass. Lower maflcvlavas hear 
Rio Tinto (Spain). (crossed polarizers)
B. Same as Elate 2A.
C. Blasto-intergrandlar to-intersectal (locally vario-
litic) texture. Core of pillow lava near 'Zalamba.
(crossed polizers) -* !* /
D. Eillow rim almost entirely replaced b.y pumpellyite. 
(parallel polarizers) J
' 4
( E.. Amy^daloidal texture in upper mafic lava. .Castro 
Ver£e (South Portugal). (parallel polarizers)
» /* t-
,‘F. Subophitic texture in meta-dolerite. (parallel 
polarizers) - \  *
i
. 4
S.
\
%
■ *
- - ' V ’ . .
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tive (BARD et al., 1971) Hercynian greenstQnes in SW 
England (FLOYD, 1976).
b) Intermediate Rocks■■ -—  ... <r
Although very subordinate on a regional scale,
* ■ . f; * ^  ^ »
- ‘ intermediate rocks also occur-and are locally important,
. * * •
esfceciallV in the northernmost part of the Pyrite Belt 
(SALPETEUR, 1976). These rocks constitute extrusive 
masses and variously shaped (mainly sills) intrusive
bodies emplaced throughout VS times.
f ,
Samples for this study were collected from Monte ,
do Forno da Cal (Almodovar), from Pomarao and from
.
various places along CARVALHO's (1976) volcanic, lijnea-
• * ~ 5 ' / ■'
ment D, which runs parallel to the regional -strike going
c *■ . -
through S. Domingos Mine (see Fig. 3 in CARVALHO, 1976).
i v ^
Samples from Monte do Forno cda Cal are extrusive rocks
occurring hear the base, of the VS Complex (SCHERMERHORN,
pers. conyn., 1976) whilfe those from the Pomarao region
include both sill®* intrusive into the Cerqueirinha and 
*
Nascedio fdrmations, and extrusive roc^s within the 
Touril Formation r(see BCWGAARD, 1967). Other samples 
are mainly extrusive rocks probably occurring at^t r a t i -
"i i
graphic levels similar to those of the volcanic rocks of 
the Pomarao region. ' ,
The intermediate4 rocks have a distinctly porphyri-
i
^tic texture.^ F r e s h  specimens, have a slight green ground- 
mass in which a great number of whitish feldspar pheno—
-  ’ *
/
*
^ i  t  i - i i . i — i — — — —
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crysts can be observed. Some samples'"contain small 
cavities, now filled by quartz, chlorite and carbonate.
Phenocrysts of, albitized plagioclase (up to 25% 
modal) and clinopyroxene (up to 10% modal), often grown 
together into clusters, occur in a tra^phytic textured 
groundmass chiefly consisting of plagioclase microlites
»
and interstitial chlorite, iron oxides, quartz, carbonate,,
£ and sphene/leuc.ojsene (Plate 3C) . Igneous amphiboles are
uncommon (see also SALPETEUR, 1976). However, hornblende
may occur sporadically as a.partial replacement product
of pyroxene phenocrysts. Minor biotite (largely replaced
by chlorite) *as well as traces of apatite were also
* *
* observed in some samples.
Besides plagioclase and clinopyroxene (augite).-no 
other phenocryst phases, were observed0, therefore the inter­
mediate' rocks may be classified as augite-andesites.
c) . Eelsic Rocks 
^  The petrography and field relations of the felsic 
meta-volcanics in the Iberian Pyrite Belt have been > 
described in several recent publications (e.g. SOLER,
1969 ; 1973; SALPETEUR, 1976 ; SCHERMERHORN", 1976; LECOLLE,
1977; ROUTHIER et al., 1977).. In view of-these earlier
/ 1 *
detailed studies, and; for the reasons already outlined
• *
in..the introductory chapter, no attempt has Been ma,de to 
perforift' a 'systemmatic petrographic investigation of the^  
felsic r^cks. Therefore, only a brief summarised dt^ s-
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cription will be presented here.
The felsic rocks range in composition from dacite 
to rhyolite, and vary in texture from felsitic and 
felsophyric to coarse-grained tuffs and agglomerates; 
highly siliceous rhyolitic tuffs are dominant.
, Although texturally similar to most andesites, 
typical dacites may be distinguished from tfys inter- 
mediate rocks by the common occurrence of quartz pheno- 
crysts and by their lower .'content of ferromagnesian 
minerals -(Plate 3D). Besides quartz, albitized plagio­
clase phenocrysts occur almost invariably whereas 
clinopyroxene mic'rophenocrysts are rare. The grounds 
mass is usually 'composed of very small plagioclase 
microlites; however, in some specimens, it may grade 
into an almost irresoluble devitrified felsite.
In the rhyolitic’ rdSks, albite (originally oligo- 
clase-andesine) and quartz are the most common pheno- 
cryst phases (Platre"'3E) ; in addition K-feldspar pheno—
crysts may also appear, sometimes attaining large sizes 
«
as in the Megacryst ‘Tuff at Aljustrel (SCHERMERHORN,
1976). Bioti.te phenocrysts (largely replaced by
♦ ' *■
chlorite) and very rare chloritic pseudomorphs after
■ t *
garnet were also reported by some authors (SCHERMERHORttf,
*  ■* * V •-
,1976; LECOLLE, 19771. Most frequent accessory minerals
include apatite, zircon,, tourmaline and .allanite.
«
Minerals of late origin — chlorite, white mica, stilp—
‘ .
,* ? ■ 
t ^  . ,
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PLATE 3
«
A. Ultramafic cumulate. Photomicrograph showing 
euhedral to sub-euhedral pseudomorphs after olivine 
(cumulate) and anhedral clinopyroxene (intercumulate;
* white). Tharsis (Spain). (crossed polarizers)
B. Cr-spinel rimmed by magnetite. Inclusions in olivine.
%
C. Porphyritic texture in intermediate rock.Pomarao 
(South Portugal. (crossed polarizers)
D. Plagioclase and quartz phenocrysts in a devitrified 
felsitic groundmass (crossed pblarizers.) . Dacite from 
near Cabezas Rubias (South Spain). ,
E. Rhyolitic lava (crossed polarizers). S. Domingos
' t t _   1  '(South Portugal).
,P. Albite-phyric granular tuff (crossed polarizers). 
S. Domingos (South Portugal). .
4
✓
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I I C U T  B I N D I N G
!<l ! i u r e  ^ t: r o p - r i gi d o
PLATE 3
.2 m m5 mm
.smm
nomelane, epidote, hematite, magnetite and sulphides -
0 - «.
also occur, occasionally in large amounts.
The great majority of the samples collected for this 
study correspond in many respects to the fine grained 
granular tuffs as described SCHERMERHORN (1975b). 
Typical specimens are compo'sed of small grains arranged 
in a greywacke type texture with the components closely 
packed in a very fine grained volcanic matrix; the frag­
mental components are generally, small (devitrified) 
glassy particles and variable amounts of quartz and
feldspar crystals (Plate 3F) .' The rockg" may be aphyric 
f * , *
t but most commonly are albite- and/or quartz-phyric.
V
l
3.3, m i n e r a l  :c h e m i s t r y  - ' #
a) Chromian Spinel
Relicts of igneous Cr-spinel minerals occur ex- *
clusively in .the ultraanafic cumulate rocks.
. * *
Generalized serpentinization, the result of hydro- 
thermal alteration of the host rocks, produced highly 
reflecting magnetite rims on the primary spinels (Plate
, v ■
3B). As-shown in table 3.1, secondary magnetites rimming 
pr-spinels are chemically indistinguishable from other 
clearly metamorphic magnetites being characterized by 
low to very low^contents of components other than Fe2°3
i - 0
and FeO,. as it i^ s typical in many low-grade metamorphic
, a*
i . *
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T A B L E  3 . 1 . Representative Electron-Micxoprobe Cr-spinel 
Analyses.
'Sample * TH-UB3 ELB-24 ELB-24 ELB-24 ELB-24
(1)- (2) (3a) (3b) (4)
core rim
Ti02 .51 1.22. 1. 75 1.93 11.24
Al2°3 35.6 3 24.20 18.27 12.24
3.34
Cr2°3 19.22 26 .64 27.50 27.49 16 .06
■Fe2°3 11.10 16 .6,4 '\ 20.60 25.78
28.70
FeO 17.61 , 19.3^ 22.89 2'6 .73 37.06
MgO 13.63 10.93! - 8.27 _5 .06 • 3.02
MnO .40t .43, .52 .67 .46
*' ZnO .00 • . n \ . .15 " .27 .14
CaO .05 .01 \ ■ .00 .03 . .02
Total 98.25 99.50 ^ 99.50 100.21 100 .07
^Ti .091 .230 V \  *343 . 397 2.453
Al 9.943 7.137 \ '5.610 ^ 3.948 1.142
Cr 3.598 5.270 • v 5.665 5.948 3.685
Fe3+' 1.978 - 3.133 4.039 5.309 ' 6.268
Fe.2+ 3.487 4.047 4.988 6 .117
8.998
Mg 4.810 .4.069 \3.212 2 .063 1.306
Mn .080 .091 V . 115 ' .155 ‘ -113
Zn ’ .000 .020 \ .029 .055 ' .030
Ca -.013 ' ' .003 ..1.000 .0*09 .006
cat. -* 24 „ 24
■ 2\
24 24
cont1d
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TABLE 3.1 continued '
Sample ELB-24 TH-UB3 ELB-24 TH-UB3 TH-UB3
(5) • (6) (7) (8) (9)
Ti°2 14.74* ' 8.26 .23 .66 .64
AI2O3 1.66 1.50 .02 .07 ‘ .06
cr203 14.90 17.07 .11 .27 .07
24.09 34.67 68.74 67.64 6 7.66'
FeO 41.72 34.91 30.81 30.79 30.57
MgO .72 .J&l’ , .12 .34 .38
MnO 1.92 2.86 .05 • .18 *19
ZnO .61 .71 .27 . .29 .30
CaO .07 - .06 .10 .00 .00
Total 100 .43 100.65 100 .45 100.2 4 99.86
3 ■
Ti 3.230 '' i . 8 4 8 .053 .152 .148
Al .58d .526 .007 .025 .022
Cr 3.497 ' 4.015 .027 .065 .017
Fe3+ 5.^80, 7.761 * 15.854 15.599 • 15.659
Fe2+ • . 10/. 355 8.685 7.897 7.891 7.862-
Mg .318 .270 .055 • .155 , .174
Mn .T83 . .721 .013- . Q47 .050
Zn \ .134 .1*56 .061 • •.066 .068¥
Ca .022 . .019 .033 .000 .000
cat. 24 24 24 24 24
(1)- (2): Type 1 • •
(3af; (3b): Type 2 ' ■
(4)-(6) : Type 3 -
(7)-(8): Magnetite rims on Cr-spmtl
(9): Metamorphic magnetite - inclusion in olivine
pseudomorph
* Calculated according to vspinel stoichiometry ,
BINDING 
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M
rocks (ABDULLA and ATHERTON/ 1964). Intcontrast to the
extensively zoned alteration rims of chromites occurring
in emphibolite facies metamorphosed rocks from central
Manitoba observed by BLISS and MACLEAN (1975), the
* « 
secondary magnetite rims studied-Tiere are fairly
homogeneous, probably reflecting much lower elemental
diffusion rates at the low /temperatures (up> to green-
schist -facies) which prevailed during the alteration of
most rocks in the Iberian Pyrite Belt. It thus seems
thatr-the chemical composition of the relict Cr-spinel
crystals must have remained essentially unchanged :
v
following the formation of the ^ magnetite rj.ms, the 
composition o’f^the spinel cores reflecting their mag-
•f # . '
matic history.
Phase relations in the systems SiC^-MgO-C^O^ s, 
(KEITH, 1954) “and' Si02-Mg0-Al203-Ca0 (PRESNALL et al.
1975; 1979\ suggest that spinel should*be a common *
* J - 
phase crystallizing in minor,amounts at or near the
liquidus^n melts -of basaltic composition. ' In view pf ^
the extensive substitution of Cr, Al, Pe(lXI) and Ti in
the .octahedral site' and Mg'and Fe(II) in the tetrahedral
 ^ * __
site, spinel’svin basaltic rocks may provaS? significant
information aBout the earliest-stages of magmatic
’ * " >»
crystallization. Consequently, spinel mineral, chemistry
f ' t  ^ “
is potentially an important:tool in petrogenetic studies .
'' - • ' , , > • 
as pointed out by IR^NE (1965) . However, as cry^j-
I \
i .'.i
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tallization proceeds various post—cumulus reactions may
' '
modify the initial spinel composition (RIDLEY e t  al.,
1974; DONALDSON, 1975; HENDERSON, 1975? RIDLEY, 1977)
, * 1 ,
* ■ l>
?br it .may disappear as a result of peritedtic reactipns
, . * _________
{IRVINE, 1967). Thus, the ^ various aspects. of Cr-spinel
crystallization, including its qhemical variability,’ "
. ,. * 7" - *
must be related ,to the timing of its formation relative
v _ Z'. % * ;
.to the other phases, as. well as to the-exteht to which 
it his reacted with the cooling1 basaltic liquid.
' vThree ^ain Cr-spinel paragenetic\types are .refcogr
nized:' 1) green,- reddish-brown to opaque, chromian'
. ■ ■ ' , -  
pleonaste. to picotite grains occurring as inclusions
within cumulate^ olivine pseud'omorphs; 2) opaque chromite 
£ * —
* 4 * 4 ‘ * -j
crystals,attached'to the inferred.olivine grains-boun-
V * ‘ • ' s '  "daries< and/or distributed aroui?d the settled grdins of* ’
ft ’ * “ * “* * ', the silicate cumulate minerals; 3) anhedral, Cr-ti»tano-
* -  C * N ,
• * ,
magnetite, mainly associated with interpumulus ilmenite 
and amphibole. Textural Relations suggest that the crys-
A  * '  j '
tallization of Cr-spinels belonging .to the parag^jietiq
“* * ‘ ■’ * i ' *types-iand 2 predates that of irifcetcumulus clinopyroxene.
* v . ’ ,V
As* shown, in* figures 3.1a,b and table 3.1, ^ the anal- 
ysed’ spinels display a considerable .range of chemical com—
* . v  . ' "
* ’ ‘ C ’ ’ * < , * '
position representing the spectrum Of cation substitution
■ ’• ' : • ' .'V' • • •produced by spinels which hatfe precipitated from the 
evolving silicate med-t, and probably reacted'with it td ¥
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FIGURE 3 . 1 a . Cr/Cr + Al, Fe3+/Fe3+ + Fe2+ and 
Mg/Mg + Fe^+ variati^ps in Cr-spinels 
from the Iberiah Pyrite Belt ultra- 
mafic cumulate -rocks. 1, 2, 3 refer 
to the paragenetic types referred to 
in the text. Comparative composition­
al fields from IRVINE (1967).
/
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FIGURE 3.1b. > 34- 34-Variation of Fe /Fe 4- A1 4- Cr
against Mg/Mg + F e 2+ , Cr/Cr 4- A1
and TiO^Wfor the Pyrite Belt Cr-
spinels (symbols are the same as
for figure 3. l a).
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V
varying degrees, at different stages of fractional
crystallization. Type 1 Cr-spinels which most likely
provide the best approach to the initial spinel
composition, display Cr/Al ratios similar to those
reported for spinels from peridotite nodules in basalts,
alpine dunites (IRVINE, 1967) and primitive basalts
(FREY et al., 1974) but have considerably higher Fe/Mg
ratios; coexisting olivines do indicate however, that they
crystallized from basaltic liquids having FeO/FeO + MgO
ratios which are lower than .575, the apparent upper
threshold value for the occurrence of spinels in
basalts from the 30-40 N MAR segment (SIGURDSSON and
SCHILLING, 1976). A dominant feature of the early
precipitated spinel (types 1 and 2) chemistry?is the
extent of spinel (Mg,Fe)Al2C>4 - chromite (Mg,Fe)Cr2C>4 -
magnetite Fe(II).Fe_(III)0. solid solution involving
*
extensive cation substitution of Cr for Al, Fe(IJ) for
Mg and Fe(III) for Cr and A l . Decrease in the Mg/Fe
tatio must reflect crystallization from progressively
iron enriched residual melts, from which early olivine
has crystallized, whereas the substantial increase in
Cr/Al ratios is most likely related to Al^C^ depletion
of magma during plagioclase' crystallization (IRVINE,
1967), and/or pressure release (GREEN et al., 1972;
/
RIDLEY et al., 1974). Relative to type 1, type 2 
spinels also show enrichment in titanium being in this
- * 'lVnV»n1l- *. «
e.
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respect similar to the titaniferous magnesiochromites
/ '
reported by SIGURDSSON and SCHILLING (1976) from the MAR 
transitional basalts which they inferred to have crys­
tallized under relatively high fugacity of oxygen.
Indeed, type 2 spinels show substantial increase in 
Fe(III) contents; because of the large oetahedpal site 
preference energy for Cr and none for either Fe(III) 
or Al (BURNS, 1970), it must reflect the substitution 
Fe(III) Al rather than Fe(III) -+ Cr, as is evident 
from(the increasing chromite component.
Compositional zoning was sought for but, in many 
cases, the small grain size as well as the presence of 
the secondary magnetite alteration rims, made the inves­
tigation very difficult; decrease in Mg/Fe ratio and 
Al^O^ and increase in TiO^, Fe^O^, MnO and ZnO from core 
to rim was detected in type 2 spinels, probably reflect-
> . i
ing to some extent the change of the spinel composition 
as a result of crystal-residual melt reaction.-
Resulting from previous olivine, plagioclase and 
clinopyroxene fractionation late-stage type 3 spinels 
(Cr-titanomagnetites) are significantly enriched in 
titanium and iron and depleted in alumina and chromium. 
Important chemical changes within this group (see figs. 
3.1a,b) involve initial decrease in the Fe(III)/Fe(III) + 
Fe(II) ratio, due to enrichment in ulvospinel component, 
followed by a final trend of increasing oxidation which
3*v*Jb\S
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indicates that the late Cr-titanomagnetites become pro­
gressively more magnetite-rich and Ti-poor, as it should 
be expected from'their association with late stage 
ilraenite (BUDDINGTON and LINDSLEY, 1964). Chromium-rich 
titanomagnetites are unusual among other terrestrial 
spinels (see HAGGERTY, 1972; THOMPSON, 1973), which are 
typically bimodally distributed between titaniferous 
magnetites (CARMICHAEL, 19678,^; ANDERSON, 1968) and 
chromites (EVANS 'and WRIGHT, 1972) . However, spinels 
which are compositionally sirtiLar to those reported 
here have been described by various authors (RIDLEY et 
al., 1974; LEEMAN and VITALIANO, 1976; RIDLEY, 1977) 
being the result of extensive spinel-residual liquid 
reaction. The apparent compositional gap, between 
type 3 and types 1 and 2 spinels, suggests that spinel 
crystallization may have been interrupted for some time 
by a reaction among liquid, spinel and clinopyroxene 
(IRVINE, 1967; HILL and ROEDER, 1974) while continiitng 
olivine, plagioclase and clinopyroxene fractionation 
would change the bulk magmatic composition in such a 
way that it would become more Ti, Fe rich and Al, Cr 
poor on entering again the spinel stability field; high 
chromium contents do suggest, however, that clinopyroxene 
did not fractionate extensively before'type 3 spinel 
crystallization.
. i » • . 1 - • •« - ’Si ’"  *i
Ml WTV.« -# .*•.«.«..» » • > .. « V.. - s fa a - at , ^
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In summary, the first spinels to crystallize were 
chromian pleonaste to Al-chromites differing somewhat in 
the extent of spinel(s.s)-hercynite solid solution. 
Exposure to the residual melt resulted in £ series of 
cation exchanges in which the spinel became enriched in 
the chromite, magnesio-ferrite, ul'vospinel and magnetite 
components compared to the original spinel solid solution. 
The gradual increase in Fe/Mg ratio and enrichment
i
in Ti reflect the changing chemistry of the cooling 
silicate liquid in that the closed-system fractionation 
involves initial Fe-Ti enrichment. The spectacular 
increase in the Cr/Al ratio in the spinels resulted 
from a peritectic reaction-' in which the spinel lost
Al_0, during the crystallization of plagioclase.
2. 3 »
b) Iron-Titanium Oxides
Primary Fe-Ti oxides in the Iberian. Pyrite Belt 
meta-volcanic rocks show invariably partial/total replace- 
ment by sphene, magnetite, hematite and rutile. Relicts 
of igneous Fe-Ti oxides are common in very low grade 
metamorphosed mafic rocks but very rare (mainly absent^ 
in the intermediate and felsic lithotypes.
In mafic rocks relict Fe-Ti oxides are more, abundant 
and coarser grained in the meta-dolerites and massive 
lower mafic lavas than in pillows and upper mafic lavas. 
Most common-1 y they occur as ophitic masses of turbid, 
granular sphene enclosing triangular or rectangular
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
arranged lamellae of ilmenite; not so frequently, »*—
elongated skeletal cryst.als of ilmenite were also ob-♦
served. Lamellar intergrowths of magnetite-ilmenite are 
common and well known in igneous rocks (for example DEER, 
HOWIE and ZUSSMAN, 1965) and BODDINGt o n  and LINDSLEY 
( 196 4) have advanced the theory that thes’e intergrowths 
are caused by oxidation and exsolution of the ulvospinel
component of originally homogeneous ulvospine1-magnetite
\
solid solution, during cooling of the magma. On this 
basis, the observed sphene masses with ilmenite lamellae 
are interpreted as altered titaniferous magnetite with 
exsolved ilmenite. The same style of alteration has 
been reported by BARAGAR (1960) . The replacement of Ti- 
magnetite by sphene while ilmenite remains unaltered 
seems surprising and contrasts with the detailed ob- * 
servations made by KUNIYOSHI and LIOU (1976a) who des­
cribed common survival of Ti-magnetite, as magnetite- 
sphene (after ilmenite) intergrowths, during very low 
grade recrys-tallization of primary Fe-Ti oxides in 
Karmutsen flows. Relative to the Karmutsen flows, the 
Iberian Pyrite Belt basaltic rocks probably cooled under 
lower f02 conditions and Ti-magnetites may have contained 
a fine meshwork of exsolved ulvospinel (VINCENT and PHIL­
LIPS, 1954; BUDDINGTON and LINDSLEY, 1964) which weakened 
its resistence to replacement and provided the titanium 
necessary for sphene (BARAGAR, 1960). Except for the Cr-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE 3.2. Representative Electron-Probe Fe-Ti Oxide 
Analyses.
Sample 538-30 538-30
Dolerite 
Type B
ELB-24- ELB-24 
Ultramafic
TH-UB1
Cumulates
TH-UB3
Ti°2 ' 20.83 49.17 47.65 48.20 47.44 47.73
A12°3-
3.02 .12 . 10 .00 .03 .05
Cr2°3„ <( . 15 .01 1.21 1.12 1,10 1.07
Fe o ^
2 3 24.81 5.98 9. 80 6 .59 9.69 8.97
FeO 48.04 40.84 37.49 40 .48 36.38 36 . 37
MgO .54 .12 3.08 .46 .61 2.00 '
MnO , 1.63 3.05 .50 2.54 5.55 3.45
ZnO .14 .08 .00 .00 . 11 .01
CaO .05 .00 .00 .GO- -701 .02
Total 99.21 99. 37 99.83- 99 .39 100.92 99 .67
Ti 4.668 1.882 1.777 1.840 1.784 1.797
Al .1.061 .007 .006 .000 .002 .003
Cr .035 .000 .047 .045 .0 4 3 .042
Fe3+ 5.564 .229 .366 .252 . 365 - . 338
Fe2 + 11.973 1.738 1.555 1.719 1.521 1.523
Mg .240 .009 .228 .035 .045 .149
Mn .411 .131 .021 .109 .235 .146
Zn .031 .003 .000 .0 00 .004 .000
Ca .016 .000 .000 .000 .odT .001
cat.
x / u/v
Xhem
24
.63
4
.06
4 4
.49 + 
.09**
4
.4 2+ 
.10**
4
. 32- 
.10*
, cont'd
5tSE££S52?R2
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TABLE 3.2 continued
u/v
hem
Sample E-30D 551-26V 507-11 506-8
Dolerite Type A Dolerite 
Type B
Ti02 ' 4 8.52 50.00
t
50.63 51.96
Al2°3
.35 .11 .04 .46
Cr2°3
.07 ’ .03 .00 .00
Fe2°3* 6.40
3.87 2.Si .64
FeO 40.15 40.90 39.10 42.63
MgO .13 .06 .09 .19
MnO 3.48 3.23 6.07 4.03
ZnO ' .00 .38 .08 .00
CaO .00 •34 .06 .00
Total 99.10 98.92’ 98.98 99.90
Ti 1.859 1.920 1.942 1.967
Al .021 .007 .002 .027
Cr .003 .001 .000' .000
Fe3+ .245 .149 .112 .024
Fe2+ 1.711 1.746 1.668 1.795
Mg .010 .005 .007 .014
Mn .150 .140 .262 .172
Zn .000 .014 .003 .000
Ca .000 .019 .003 .000
cat.
Y
4 4 4
4 V
\
* Calculated according to Fe^O.-Fe^TiO^ (spinel), 
Fe20 3-FeTi0 3(ilmenite) stoichiometry.
** Average value.
* Coexisting Cr-titanomagnetite - average value.
li
‘31 
<*■ 
1^
 . - c a v . iw w  tt*wj
m m m
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rich titanomagnetites, referred to in 3.3a, fresh titani- 
ferous magnetite was found only in one relatively unaltered 
sample (538-30) of type E meta-dolerite in which it occurs 
as mostly anhedral grains sometimes showing very fine 
irregular ilmenite exsolution; the common factor to both 
occurrences is the very low modal content of secondary 
quartz (quartz is absent from the Cr-titanomagnetite 
bearing rocks) , thus suggesting that SiO^ in the meta- 
morphiq fluid was not high enough to convert efficiently 
Ti-magnetite-ulvospinel to sphene (note that secondary 
Ca-aluminosilicates are present in both cases).
Representative analyses of primary relict Fe-Ti 
oxides are shown in table 3.2. Whereas the interstitial 
ilmenites in the ultramafic cumulates are relatively #
magneSian, there is'a fairly regular increase in the 
iMn/Mg ratio with differentiation (see fig. 3.2) and MnO
contents may reach up to 6 wt. % in doleritic rocks.
4
The ilmenites all have hematite contents lower than 
11 mole % and approximately pure FeTiO^ 'in some'doler- 
ites (table 3.2). The analysed magnetite is relatively 
titaniferous (about 63 mole % usp) and^~has a high 
alumina content (table 3.2) as it is typical for 
titanomagnetites in low silica activity alkali basaltic* 
lavas (CARMICHAEL et al., 1974). As in the ilmenites, 
Cr-rich titanomagnetites also show an inverse relation­
ship between Mn and Mg (see table 3.1).
t
V
\
\
•S 'SslE:?:.' ‘bk
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FIGURE 3.2. Variation of MnO (wt. %) against MgO (wt.
%) for ilmenites in mafic and nltramarrc
rocks.
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mMm
n/cl
SHl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 3-. 3. Equilibration temperature ■ and fOj of (relict) 
coexisting iron-titanium oxides m  dolerite 
(solid circle) and ultramafic cumulates 
(open squares).
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Using the methods and experimental data of BUDDINGTON
and LINDSLEY (1964) coexisting pairs of ilmenites and
Cr-titanomagnetites from the ultramafic cumulate rocks
indicate equilibration temperatures in the range 930-
800°C and log fC>2 values from -11.8 to -14.0 (fig. 3.3).
As it appears to be common for natural fresh rocks (BOWLES,
1976), these values broadly define a path in the log
f02/T field; its rough approximation to the course'
defined by the reaction" 6»!_ TiO.+O- = 2Fe,0, + 6FeTi0n
2 4 2 3 4 3
suggests that this reaction exerted an important 
buffering influence during the cooling history of these 
rocks. The coexisting ilmenite and titanomagnetite 
from sample 538-30 give log f02 . -12.0 and T ~ 950 C 
(fig. 1.3). Such a low temperature is consistent with 
textural data which indicates late stage appearance of 
ilmenite, and would hence represent a temperature con­
siderably below the liquidus.
c) Olivine /
Olivine relicts are extremely rare in the Iberian 
Pyrite Belt meta-volcanic rocks. Fresh olivine has been 
positively identifiedvonly in the ultramafic cumulate 
rocks where it occurs as small crystal fragments 
within serpentine-magnetite pseudomorphs. Although oli- 
vine may have constituted more than 50% of the original 
cumulate rock volume the amount of fresh relicts remaining 
never exceeded a few sub-millimetric grains in any of the
A
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TABLE 3.3. Representative Electron-Microprobe Olivine 
Analyses.
Sample TH-UB1 TH-UB1 ELB-24 ELB-24
(D (2) (3) (4)
Si02 39.86 40 .11 39.11 39.49
Ti02 .07 .05 .02 .00
Al2°3 .05 .06 .03 .07
Cr2°3 .01 .11 .01 .04
FeO 16.63 16.53 20.00 19 .82
MgO 43.23 42 .89 40.44 * 39.48
MnO ' .28 .'26 .29 .26
NiO .20 .23 .14 .08
CaO .30 .32 . 33 .32
Na20— .00 .04 .04 .00
K 20 .00 - .00 .00 ; 0 0
Total 100.64 100 .61 100:42 99.56
Si 1.003 ‘1.008 1.002 ' - 1.018
Ti .001 .001 .000
Al .001 .002 .001 .002
Cr .000 .002 .0 00 .00.1
Fe . 350 . 348 .429 .42-7
Mg 1.621 1.607 1.545 1.517
Mn .006 .005 .006 .006
Ni .004 .005 .003 .002
Ca .008 .008 .009 .009
N a .000 .002 " .002 .000
K .000 .000 .000 .000
0 4 4 4 4
FOI 82.2 82.2 78. 3 ^  78.0
1 (1-brii d XMUING
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studied thin sections. Besidps this occurrence, the
former presence of olivine may be inferred from euhedral,
O
characteristically shaped, chlorite/serpentine pseudo- 
morphs (probably after phenocrysts) and sub-rounded 
serpentine-iron-oxide inclusions in pyroxene which are 
observed sporadically in some upper mafic lava and 
dolerite samples.
The analysed olivines (table 3.3) are relatively 
homogeneous within and between samples with an ob­
served total compositional range from Fo78.0-Fo82 . 2 .
*
Using distribution coefficients for Mg-Fe partitioning 
between olivine and liquid (ROEDER and EMSLIE, 1970), 
it can be calculated that the more magnesium rich 
olivine would be in equilibrium with a basaltic liquid 
having a FeO^/MgO ratio about 1.28', which is a consider­
ably high value for a primary basaltic magma (see 
F R E Y  et al., 1978). If it is assumed that olivine was 
the only major early crystallizing phase, then it would 
appear that about 10-20% fractionation-has occurred
(kD®1^ 1 - = -4; data from BRYAN, 1979) - before
FeO MgO <»
olivine Fo82.2 began crystallizing - since primary 
magma formation by partial melting of upper mantle 
.peridotite (Fo88 - ,Fo92; ..GREEN, 1970).
The relatively high CaO contents compare favourably
with values found by SIMKIN and SMITH (1970) in olivines
\
from volcanic and hypabyssal environments. Nickel con-
m a m s L *
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tents are high and the available data suggest that Ni 
correlates with Fo contents.
d) Clinopyroxene
Detailed investigations of the crystal chemistry of 
clmopyroxenes, in conjunction with experimental studies 
reveal that the clinopyroxenes may be important re­
corders of bulk chemistry, fC^, mineral parageneses and 
cooling rate of their host rocks (KUSHIRO, 1960; 1972;
LE BAS, 1962; COOMBS, 1963; BROWN, 1967; BENCE and PAPIKE, 
1972; FODOR et al., 1975; GROVE and BENCE, 1977; COISH 
and TAYLOR, 1979). Recently, HASHIMOTO (1972), HYNES 
( 1974), VALLANCE (1974a,b), GARCIA T ^ tT T T N jaTANABE et 
al. (1978) and SCHWEITZER et al. (1979) have pointed out 
that this work has a useful application in studying 
spilitised lavas. In the Iberian Pyrite Belt clino- 
pyroxene occurs frequently as a fresh igneous relict 
mineral comprising 15-25% of the actual volume of several 
mafic meta-volcanic rocks and up to 10% modal in meta-, 
andesites and dacites. By probing these pyroxenes, it 
may be possible to see through the effects of chemical 
alteration and characterize the magma type as well as 
the conditions of crystallization of the host meta- 
volcanic rocks. In an .attempt to obtain such information 
about 250 clinopyroxenes have been analysed; bulk 
analysis and structural formulae (calculated on the 
basis of 4 cations) are provided in Appendix I .
I iaSrfr -
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Occurrence and optical properties. As discussed in 
Chapter 2, textural relations suggest tha£ clinopyroxene 
started to crystallize after olivine and after or 
simultaneously with plagioclase, but-always before Fe- 
Ti oxides.
Larger clinopyroxene grain cores in type A dolerites
as well as phenocrysts in the lower mafic lavas (LML)
are usually pale coloured (pale green to very pale
pinkish-brown) but may show outward zoning to a brownish
rim which is similar to late-stage, micro-granular,
groundmass augite. -These coloured rims and grains also
show the lowest 2Vy values (range 38-56 ) thus suggesting
€'
significant decreasing m  Ca/Fe + Mg towards late-stage
/
iron enriched augite varieties.
Clinopyroxenes in type B dolerites and upper mafic 
lavas (UML) often show strong outward zoning from pale- 
pinkish low-Ti augite through deep brownish-purple 
titanaugite and display both concentric and, less 
commonly, sector zoning. Where sector zoning is ob­
served, the darker purple, more Ti-rich composition is 
confined to the prism sector (100), as has been noted 
for other occurrences (HOLLISTER and GANCARZ, 1971) . 
Titanaugites richest in titanium tend to occur in areas 
ad]acent to fine-grained groundmass which may represent 
devitrified patches of late liquid (see also TRACY and 
ROBINSON, 1977) . The observed 2Vy and c-y rarT^e of
Ml
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i i ^ n i  DLViuinij
Reliure- trop rigide
' —  -V
90
values for Ti-augites are 50-60 and 35-48 respectively. 
While Ti has been thought to have the effect of lowering 
2V. (DEER et al., 1978), the lowest 2Vy observed in 
deeply-coloured Ti-augite was about 50 ; the presence 
of other substitutions, especially acmite, may counter­
act the effect of Ti . Indeed, strongly pleochroic (pale 
greenish yellow to dark green) sodian ferrosalites, 
which occurs as late-stage, interstitial micro-grains 
in a few type B dolerite samples, display 2Vy values 
up to about 72 . 0
In the andesitic rocks clinopyroxene relicts occur 
as ccflourless to extremely pale green phenocrysts and 
micro-phenocrysts. 2Vy and c-y values range from 44 to
56 and from 33 to 44 respectively, much .within the 
range observed for type A dolerites and LML.
Ca-Mg-Fe relations. Variations in the atomic 
proportions Ca:Mg:Fe for clinopyroxenes' from marfic 
meta-volcanics and meta-andesitic rocks are illustrated 
m  figs. 3.4a and 3.4b, respectively.
It seems clear from the data on fig. 3.4a that the 
clinopyroxenes from each of the individual mafic volcanic 
rock groups are readily distinguished on the basis of both 
Ca contents and crystallization trends. All but^ a few 
analyses of pyroxenes from LML and A-dolerites have Ca 
contents b^low 45% at. (atomic) and, in spite of con­
siderable scatter, their predominant average crystalliza-
1
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FIGURE 3.4. Ca-Mg-Fe variations in clinopyroxenes 
from the Iberian Pyrite Belt.
A) Lower mafic lavas (squares); type-A 
dolerites (closed circles); type-B 
dolerites + upper mafic lavas (open 
circles).
B) Intermediate rocks (stars).
C) Comparative data from (1) Skaergaard 
(BROWN, 1957; BROWN and VINCENT, 1963),
(2) Kap Edward Holm (CARMICHAEL et al., 
1974), (3) Shiant Island (GIBB, 1973), 
(4) Shonkin Sag (NASH. and WILKINSON,
), (5) Japanese alkaline rocks 
(AOKI, 1964), (6) Canary Islands• (SCOTT,
1976, (7) Monte Somma (Vesuvius)
(RAHMAN, 1976) .
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tion trend, characterized by an increase in Fe and de­
crease in Mg and Ca contents, is' similar to that reported 
for clinopyroxenes from tholeiitic basalt lavas (CARMI- 
chael, 1967 ; EVANS and MOORE, 196,f8; see also fig. 3.4c) . 
In contrast all the data points representative of clino­
pyroxenes from UML and B-dolerites plot above 45% Ca 
(at.) and display a salite-ferrosalite trend showing 
late stage enrichment in aegirine molecule, as usually 
observed for most alkali basalt rock suites (WILKINSON, 
1^56; see also fig. 3.-4c). Thus, the pyroxene data 
do not contradict the petrographic observations in what 
concerns the magmatic affinity of the mafic meta- 
volcanic rocks. However, the precise nature t>f the 
clinopyroxene trend also depends on' the physical con­
ditions during magmatic crystallization; BARBIERI et al. 
(1971) proposed a mechanism by which a clinopyboxene 
trend of tholeiitic type might be produced during' 
fractional crystallization of a magma of alkaline 
affinity and have suggested that in consequence, the 
distinctions between tholeiitic and alkaline types of 
clinopyroxene crystallization trend are.of less funda- 
nental significance with respect to the use of
clinopyroxene compositions as indicators of the affinity
of their parent rocks. The fact remains, however, that
£
the salite-ferrosalite-sodian ferrosalite observed for
f e n *
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
i i o n i  DLSiUXDib j
| Reliure trop rigide f
/b\ _
the UML/B-dolerites, which is typical of alkaline basic 
magmas, is niarkedly differej^>^rom the augite-ferroaugite 
trend typical of non-alkafine varieties. The crys­
tallization 'conditions which give rise to these types of 
pyroxene trends in mafic rocks from the Iberian Pyrite 
Belt will be discussed in a later section.
Ca:f4g:Fe relations in Ca-rich pyroxenes from 
andesitic rocks (calc-alkaline) have been studied by 
SMITH and CARMICHAEL (1968), LOWDER (1970, 1973),
FODOR (1971) and EWART (1976), who suggested that 
clinopyroxene compositions are concentrated within the 
augite field, and show no tendency to develop marked 
iron enrichment at any stage during crystallization in 
modern orogenic lavas. Clinopyroxene^ from andesitic 
rocks in the Iberian Pyrite'Belt also appear to be more 
restricted i,n terms of iron enrichment relative to that 
observed for the mafic rocks. The first clinopyroxene 
to crystallize^(phenocryst cores) have an average 
composition F s ^ E n ^ W o ^  but with continued fractionation 
there is an increase in Fe/Mg ratios coupled with a 
slight decrease in Ca contents (fig. 3.4b); the iron 
richest clinopyroxene composition is about Fs3QEn29Wo4i • 
However, there is a considerable overlap between pyro­
xenes from andesitic rocks and those from A-dolerites/LML 
and clinopyroxenes from these two lithotypes are not 
readily distinguished in terms of "quadrilateral"
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components.
Si, Al, Ti and Na. KUSHIRO (1960) and LE BAS (1962)
suggested that the amounts of Al and Ti entering clino-
pyroxene depend on the degree o/ alkalinity of the parent
magma and hence that the Al and Ti contents of pyroxene
could be used to indicate the nature of the original *
«
magma. However, the Al and Ti contents of the clino­
pyroxene are essentially a reflection of the silica 
activity (VERHOOGEN, 1962; BROWN, 196 7; GRlJPTA et a l . , 
1973; CAMPBELL and NOLAN, 1974) and the conditions under 
which the pyroxene crystallized (BARBIERI et al., -1971; 
THOMPSON, 19 74; WOOD, 19 76; COISH and TAYLOR, 19 79) and, 
consequently, as BARBIERI et al. and COISH and TAYLOR 
point out, no simple relationship is to be expected 
between pyroxene composition and 'parental magma type.
This conclusion is substantiated by the clinopyroxene 
data on fig. 3.5b which shows that compositional "’zoning 
m  clinopyroxenes from B-dolerites/UML may extend from
the non-alkaline field to the peralkaline field of LE
#
BAS (1962). Nevertheless, since under the same general
/
/
conditions ac ._ should increase from strongly under- 
2 , \ / 
saturated to oversaturated magmas, it shouldl be possible
to obtain (on a statistical ba\is) from the pyroxene
data, some qualitative information Regarding the magmatic
affinity ol their host rocks. As shown in figs. 3.5a,b,
and c, the majority of the analysed clinopyroxenes from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
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FIGURE 3.5a. S10--AI 0^ relationships for clinopyroxenes
in lower mafic lavas and type-A dolerites. 
Compositional fields after LE BAS (1952).
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B-dolerites/UML (about 73%) are equally divided between 
the alkaline and peralkaline fields; 63% of the data 
points representative of pyroxenes from A-dolerites/LML 
flot in the non-alkaline field (with the remainder 
falling in the alkaline field) while all but of the
analysed pyroxenes from andesitic rocks fall in the 
non-alkaline field of LE BAS (1962). Decreasing average 
Al203 wt. % contents is precisely what should be expected 
if pyroxenes from B-dolerites/UML, A-dolerites/LML apd 
andesitic rocks would have crystallized from magmas 
with progressively increased levels, as it should
be the case on going from alkali through tholeiite 
basaltic series and andesites (NICHOLS et a l ., 1971; 
CARMICHAEL et al., 1974).
Plotting Al, T i , and Na against Si in terms of
*  24-
atoms per 4 cations (calculated taking all Fe as Fe )
as in figs. 3.6a and b reveals the-manner in which these
elements are substituted in pyroxenes. Because of the
interdependence of Al, Ti ant^Ia and the parts played in
the substitutions by Cr and Fe^+ which is present, the
points in figs. 3.6a and b are scattered, but overall
trends are evident... All "but a few of the Al analyses
lie above the 1:1 line in figs. 3.6a and b indicating
that any Si deficiency is made up by A l ^ j  as should
be expected the ^maximum amount of A l ^  for„Si substitution
is variable for each pyroxene group - it may reach up to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
FIGURE 3.6a. Al , Na-Si and Ti-Al relationships 
for clinopyroxenes in lower mafic 
lavas, type-A dolerites and andesitic
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FIGURE 3.6b. Al , Ti , Na-Si relationships for cl 
pyroxenes in upper mafic lavas and 
type-B dolerites.
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0GURE 3.7a. Variation of Fe (calculated) against Al
for clinopyroxenes in lower mafic lavas and 
type-A dolerites.
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FIGURE 3.7b. Na + Al - Al + Cr + 2Ti relationships
for clinopyroxenes in upper mafic lavas and 
type-B dolerites. ***
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20% in clinopyroxenes from B-dolerites/UML, but it is less
than 10% in clinopyroxenes from A-dolerites/LML and
usually less than 5% in clinopyroxenes from andesitic
*
rocks. Together with the sympathetic relationships
of Ti (figs. 3.6a,b) and Fe^+ (fig. 3.7a), this suggests
that the dominant substitutions ire:
.2 +
(Fe 3+ + Cr + A1)VJ. + AlIV
(1)
(2 )
Comparison of the data on figs. 3.6a,b and 3.7a,b
indicate that while both" types of substitution are of
«
roughly equal importance in pyroxenes from A-dolerites/ * 
LML, type (1) is clearly more important in pyroxenes 
from B-dolerites/UML (see also SCHWEITZER et al., 1979). 
Considering the relative importance of these two types 
of cation substitution it is instructive to compare the 
Al/Ti ratios exhibited by clinopyroxenes from each of 
the studied rock groups. As shown in figs. 3.6a and 
b, the analysed clinopyroxenes display a considerable 
range of Al/Ti variation; if we restrict the comparison 
to the lesJ evolved pyroxenes (Fe/Fe + Mg < .2), in 
order to avoid further difficulties generated during 
extensive magmatic differentiation, characteristic Al/Ti 
values for each suite are as follows (see Appendix I): 
clinopyr^xene Al/Ti
andesitic rocks 2 2 - 5
1
•V|
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A-dolerites/LML
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B-dolerites/UML * 3
It was already\emphasized that the presence of con­
siderable amounts of Al and Ti in clinopyroxene has been 
ascribed variously to bulk composition, temperature, 
pressure and cooling rate of the magma from which the 
pyroxenes crystallize. While the slightly higher Al/Ti 
ratios observed in pyroxenes from LML relative to those 
from A-dolerites (fig. 3.6a) could be used to sdfc^ort 
COISH and TAYLOR's (1979) contention regarding the 
effects of cooling rate, several other lines of evidence 
do indicate that neither this parameter, nor pressure, 
are of fundamental importance in explaining the variable 
amounts of Al and Ti in the analysed clinopyroxenes 
(see STORMER, 1972; GRUPTA et al., 1973). If we accept
this simplifying hypothesis, at a given temperature 
*
Al/Ti ratios in clinopyroxene should be buffered by
t
its host magma composition according to the following 
reactions:
CaAl-Si-0o = CaAlSiAlO, + Si00 
2 2 8 6 2
plag. cpx. melt
CaAl2Si2Og + Ti02 = CaTiAl-jOg + 2SiC>2 
plag. melt cpx. melt
CaTiAl2Og + Si02 = CaAlSiAlOg + TiC>2 
cpx. melt cpx. melt
‘(3)
(4)
(5)
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It is not possible, with the thermochemical data available 
at present, to define quantitatively the characteristic 
range of Al/Ti values for clinopyroxenes crystallizing 
from each of the main magmatic series; average SiC^/TiO,. 
ratios in basalts (15 - alkaline olivine basalt; 20 - 
tholeiite basalt; 42 - calc-alkaline basalt; data from 
HYNDMAN, 1972) suggest that Al/Ti ratios should increase 
progressively from lower values in clinopyroxene crys­
tallizing from alkali basalt magmas to higher values in 
clinopyroxenes crystallizing from tholeiite and calc- 
alkaline basalt magmas, a conclusion that is apparently 
substantiated by the clinopyroxene data presented here 
for the Iberian Pyrite Belt volcanic rocks.
Except for pyroxenes at the high Si end in B-
dolerites/UML (fig. 3.6b), Na contents are low, but the
small change of Na with increasing Ti indicates some
involvement of the NaTiAlSiOg substitution suggested by
HOLLISTER and GANCARZ (1971). It seems probable that
most Na is present as aegirine, a possibility enhanced
*
3+ . ,by the known presence of Fe in these pyroxenes (see
Appendix I).
Several authors have recorded-systematic variations 
in the Al and Ti contents of pyroxenes with increasing 
fractionation (e.g. EVANS and MOORE, 1968-; SMITH and 
CARMICHAEL, 1969; SMITH and LINDSLEY, 1971; GIBB, 1973; 
FODOR et al., 1975; CHURCH and RICCIO, 1977; TRACY and
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ROBINSON, 19*77; SCHWEITZER et al., 1979 ; BIZOUARD et al . , 
1980) . The observed trends are variable but clino­
pyroxenes from alkali basalts are characterized by 
the widest range of Al and Ti concentrations with high 
values at low Fe/Fe + Mg and low values at high Fe/Fe + 
Mg. In contrast clinopyroxenes from tholeiitic basalts 
show a much more limited variation; Al and Ti usually 
display an initial increase but, after reaching a 
maximum, Al tends to decrease at a much faster rate than 
Ti. Data for clinopyroxenes from calc-alkaline rock 
suites are scarce, but in general they are very low in 
Ti and low in Al. When the Ti contents of the clino­
pyroxenes from the Iberian Pyrite Belt volcanic rocks are 
plotted against Fe/Fe + Mg (fig. 3.8) some interesting 
features are revealed: clinopyroxenes from different
individual rock groups contrast markedly in terms of Ti 
contents for the same Fe/Fe + Mg ratio. Bulk analyses 
(see Appendix I) indicate that pyroxenes from inter­
imsmediate rocks always have le s than 1 wt. % TiC^, 
those from A-dolerites/LML typically range from 1-2 
wt. % TiC>2 whereas those from B-dolerites/UML may reach 
up to about 7 wt. % TiC>2 , being among the most Ti-rich 
clinopyroxenes yet documented from terrestrial natural 
rocks (see TRACY and ROBINSON, 1977). For each clino­
pyroxene group it is apparent that Ti increases with Fe 
content until a given value of Fe/Fe + Mg whereupon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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there is a reversal with further increase in F e . It is 
evident from fig. 3.8 that these reversals occur at 
different Fe/Fe + Mg and Ti values for each groupx (com­
pare SCHWEITZER et al., 1979, fig. 3). Since D 
.cpx/1
cpic/l
FeO/MgO
and - do not seem to change drastically, at least
for basic and intermediate compositions (see THOMPSON,
t
19 76; PEARCE.and NORRY, 1979), the clinopyroxene data 
clearly indicates .that the various rock groups represent 
different magma type3 probably evolving under different 
physico-chemical conditions.
From the above relationships (see also figs. 3.9a 
and 3.10a), it is evident that the conditions which 
initially promoted the entry of Al and Ti into pyroxene 
must have changed after a certain amourrtr of crystalliza­
tion had taken place (about the time that pyroxenes 
with Fe/Fe + Mg .35 and .25 ‘were crystallizing from the 
magma in type A and type B dolerites represented here 
by samples E-31 and 506-8 respectively). This kind of , 
problem has been dealt with in detail by BARBII^ftl et 
al. (1971) and GIBB (1973). BARBIERI et al. suggested 
that the availability of Ca-Tschermak molecule in the 
liquid controls the Ti content of pyroxene and proposed 
that the crystallization of pyroxene after plagioclase 
will result in non-titaniferous clinopyroxene containing 
only small amounts of Al. Thus, in this explanation 
the main (first) Al,' Ti reversal could result from the
/
.■il’Ml
m
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onset of plagioclase crystallization which ended the 
enrichment of the liquid in Al. As indicated by GIBB 
( 197 3) , the dominant: substitution in Ti-rich pyroxenes 
is towards CaTiAl2C>6 (see fiq. 3.6b and TRACY and 
ROBINSON, 1977) rather than Ca-tschermakitic and, 
according to (3), the low Si activity is more likely to 
be the main controlling factor. Furthermore, available 
chemical and textural data indicate that some clino- 
pyroxenes that crystallized after plagioclase are still 
Al- anc^JTi_-rich, suggesting that the role of plagio­
clase in determining the Al and Ti contents of clino'- 
pyroxenes may be minor. An alternative hypothesis, 
proposed by GIBB (1973) , involves a rise in the relative 
activity of Fe^+ in the liquid until at a stage where 
it reached the level at which titaniferous magnetite
began to form, inhibiting in consequence, the-sub-
2 +stitution Ti . + A l . = Si. + Mg . by a lack, of Ti .
V I  I V  I V  ^ v x
I 3+ in the l'icfuid rose in this way the aegirine
content of the pyroxene should show a maximum just prior
x /
to the precipitation of magnetite, i.e. at the same
Fe/Fe + Mg value as for the main Al, Ti reversal.
, Examination of figures 3.9a,b and 3.10a,b shows that
v ✓
Na contents in pyroxenes from both samples display
s
relative maxima at Fe/Fe + Mg values which are .(more or 
less), -coincident with the main A l , Ti reversal i If,
r
—   —  - —  -— -—     — ,   . - — .
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as it was assumed, Na in pyroxene is essentially balanced' 
3+
by Fe , then the control of the Na content of pyroxene 
, . 3+
by the activity of Fe in the liquid, and hence by the 
oxygen fugacity, is compatible with the mechanism 
proposed by GIBB (19 73) to account for the Al and Ti 
variations.
Mn and C r . The pyroxenes of all three plotted
i
groups show a strong positive correlation between Mn
content and Fe/Fe + Mg ratio (figs. 3.11a,b,c); Mn
seems to increase at a faster rate in clinopyroxenes
from A-dolerites/LML. This trend is consistent with the
2 +
common assumption that Mn behaves similarly t© Fe 
in p y r o x e n e s .
Cr^+ has the highest crystal field stabilization 
energy in octahedral sites of any transition metal ion 
(BURNS, 1970) and, in consequence, it partitions 
strongly into the early formed clinopyroxenes (figs. 
3.11a,b,c) resulting in’ its rapid depletion in the melt 
with fractionation. Cr2°3 may reach UP to about 1 w t . % 
in clinopyroxenes from A-dolerites/LML but it is less 
than .5 w t . % (usually much less) in pyroxenes from 
B-dolerites/UML and andesites.
Discussion. The compositional variation of p y r o ­
xenes associated with the fractional crystallization of 
basaltic magmas is related to the two main series, 
tholeiite and alkali basalt. Thus the tholeiite series
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is characterized until a last stage of fractionation by
a two pyroxene assemblage and the Ca-rich pyroxenes show
an initial decrease, followed at a later stage by an
increase in Ca content. In contrast the single Ca-rich
pyroxene of the alkalic series is richer in calcium and
the fractionation trend is approximately parallel to the
diopside-hedenbergite join at least until a late'stage
of fractionation, whereupon Ca contents may decrease
due to enrichment in aegirine molecule (see fig. 3.4c).
As previously discussed by GIBB (1973), the more
calcic nature of the initial clinopyroxene crystallizing 
✓
from alkali basalt magmas seems to be related to the low . 
silica activities of the liquids permitting the preci­
pitation of only a single pyroxene. This implies the
existence in the natural system of an equilibrium thermal
$
barrier which is analogous to the situation in the system
Fo-Di-Si02 (KUSHIRO, 1972) where liquids close to the
Fo-Di join, on crystallizing olivine, meet the Foss-
Di boundary curve to the Fo-Di join side of the 
s s
maximum on the boundary curve and hence move away from 
the reaction point at which Ca-poor pyroxene appears.
In addition to the initial pyroxenes of alkaline magmas 
being more calcic than those of tholeiitic liquids, it 
is significant that those of strongly undersaturated 
magmas are more calcic than those of mildly alkaline 
magmas (see fig. 3.4c). Again an analogy can be made
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with the synthetic system Fo-Di-SiC>2 . Further the initial 
liquid composition is from the SiC>2 apex (i.e. more 
alkaline), the closer to the Fo-Di join it intersects 
the Foss-D^ss boundary curve on crystallizing and, 
consequently, the more calcic is the clinopyroxene 
which joins olivine in crystallizing from the liquid.
In the case of the Iberian Pyrite Belt basaltic rock 
pyroxenes, those from B-dolerites/UML have calcium 
contents which are typical for clinopyroxenes from 
alkaline magmas and some specimens may even plot above 
the diopside-hedenbergite join due to the exclusive
2+
substitution of "non-quadrilateral" components for Fe 
and Mg in (M^). In contrast, early crystallizing 
pyroxenes from A-dolerites/LML display Ca contents 
intermediate between those commonly observed in clino­
pyroxenes from tholeiites and those reported for pyro­
xenes from mildly alkaline basic rocks (see figs. 3.4a 
and 3.4c). Coupled with the absence of Ca-poor pyroxene, 
these features suggest that at least some A-dolerites/
LML may have chemical affinities with transitional /
basalts (COOMBS, 196 3); i.e., relative to typical 
tholeiitic magmas, the Si02 contents of these basaltic 
liquids were low and/or agj_Q did n°b increase at a 
rate fast enough to stabilize Ca-poor pyroxene.
While the composition of the initial pyroxene ___
depends largely on the composition of>the magma, the
r
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subsequent trend is obviously controlled by the conditions
under which fractional crystallization took place and,
in the case of the Iberian Pyrite Belt basaltic rocks,
the augite-ferroaugite and salite-ferrosa!J.te-sodian
ferrosalite pyroxene^trends displayed by the A-dolerites/
LML and B-dolerites/UML, suggest that these conditions
must have been different for the two rock groups. From
2 +
the roles of the FeSiO.., CaFe„ Si_0, molecules in theO 2 0
crystallization of the augite-ferroaugite and salite-
ferrosalite-sodian ferrosalite trends, it would appear
that the critical differences are the oxidation state of
iron and silica activity in the magma.
As the crystallization of olivine, plagioclase and
pyroxene .proceeded with falling temperature, Ti and Fe3+
were being concentrated in the liquid and these increases
resulted in steadily rising T i , Al and aegirine contents
of the pyroxenes (figs. 3.9a,b and 3.10a,b). By the
stage at which pyroxenes with Fe/Fe + ijg values of .25
(§ample 506-8) and .35 (sample E-31) were crystallizing,
the Fe3+ in the liquid had reached the point at which
3+
Ti-magnetite precipitated lowering th<*jr&lative Fe 
activity in the liquid and hence the Na content of the 
pyroxenes (figs. 3.9a,b and 3.10a,b). Beyond this point 
the pyroxene crystallization trends diverge considerably. 
In B-dolerites/UML (figs. 3.10a,b) continued crystalli­
zation under low silica activity kept the clinopyroxene
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compositions within the salite field but, as the H20
content rose in the magma (a possibility enhanced by the
common occurrence of late amphibold* and biotite) , fC>2
fell at a much slower rate than that necessary to main-
2+ 3+
tain a constant Fe /Fe ratio in the liquid with the
Fe 3 + Fe 2 +result that a,. rose relative to that of a, . , whileliq liq
1 ■
a^SiO //aTiO  ^ remained essentially unchanged,
D^Ti"^1C* >  ^ ^or Ti-ma9net;*-te > kaersutite and biotite) 
thus, explaining the crystallization of pyroxenes with 
constant Al/Ti ratios but significantly increased 
aegirine contents towards the latter stages of fraction- 
ation. In contrast, strong iron enrichment, decreasing 
Ca contents and lack o'f-s'ignificant aegirine molecule 
enrichment in clinopyroxenes from A-dolerites/LML (figs. 
3.9a,b) suggest that crystallization continued under 
relatively higher silica activity but low f02'; fraction­
ation under low oxygen fugacity allowed TiC>2 to increase 
significantly in the residual liquid, (usually at a 
faster rate than SiC>2 in typically tholeiitic magmas; 
see WAGER, 1960), resulting in steadily’decreasing Al/Ti 
ratios in the .clinopyroxenes.
Pyroxenes from the andesTtic rocks have "quadri­
lateral component" chemical characteristics which are, 
in many respects, similar to that described for A — 
dolerites/LML.• Their lower Al contents and higher 
Al/Ti ratios suggest however, that they precipitated
23
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from SiC>2 richer liquids; this is consistent--with their 
host rock bulk chemistry and with BOOGAARD's '(1967) 
contention that some chloritic pseudomorphs in kerato- 
phyres could represent former Ca-poor pyroxene.
The data discussed above indicates that fresh 
igneous pyroxenes, even in highly altered basalts, may 
provide important clues about the original chemi*cal 
character of their host rocks. Pyroxenes from A-doler- 
ites/LML and B-dolerites/UML differ primarily in -the 
abundances of the components TiO^, Cr2(-)3 Na20;
a comparison with the clinopyroxene chemistry of fresh 
basalts indicates that these rocks represent the crys­
tallization products of transitional/tholeiite and alkali
basaltic magmas, respectively. Pyroxenes from inter- 
*
mediate rocks are characterized by low Cr and Ti contents 
as it appears to be typical in clinopyroxenes from the 
calc-alkaline series.
e) Amphiboles
Representative analyses of igneous amphiboles are 
given in table 3.4. The amphiboles from intermediate 
rocks are iron rich hornblendes but those from ultramafic 
and mafic rocks display considerable variation in their 
Fefc/Mg ratios and Ti, A l , Ca, and Na contents, ranging 
in composition from kaersutite through hornblende-edenite 
to richterite (nomenclature according to LEAKE,. 1978) .
The predominant araphibole of the ultramafic cumulate
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TABLE 3.4. Representative Electron-Probe Amphibole 
Analyses
Sample TH-UB1 TH-UB1 TH-UB1 567-38 567-38
— Ultramafic Cumulates —    Dolerite-Type
D > _
Edenite
Si02
Ti02
Al2-°3
FeOt
MgO
MnO
CaO_
Na2°
k 2o
Total
Si
IV
VI
Al
Al 
Ti
Fe 3+*
Fe
Mg
Mn
Ca
Ha
K
0
2 +
E-30D 
A ---
Kaer­
sutite
Rich-
terite
Horn­
blende
46 .14. 
4.80 
8.41 
6 .79 
17.06 
. 14 
10 .91 
3.44 
. 46 
98.15 ‘
6 .595 
1.405
.012 
.516 
.000 
. 811 
3.634 
.017
1.671
1.053
.084
23
50 .64 
2 .16 
5.15 
7.1-7 
19.21 
.14 
10.84 
3.07 
.09 
98.47
7.143
.857
.000 
.229 
.005 
.842 
' 4.039 
.017
1.6 39 
...839 
• .016 
23
54 . 14
2 . 81
2.67
8.60
19 .-32
.12
5.41
5 .14
.'41
98 J l  
/ ■
/?', 560 
.440
.000 
.295 
.097- 
.970 
4 .021 
.014
.809 
1. 392 
.073
23
44.94 
2.34 
8.20 
16 .29 
11.58 
.07 
10.91 
2.76_ 
.49 ’ 
97.57
6.733
1.267
*. .181 
.'264
2.041
2.586
.009
1. 7-51 
. 802 
.094
23
42.63 
3 .77 
10 .02 
17.50 
9.52 
.17 
11.29 
2.55 
.9 3- 
98.37
6.418
1.582
. .196 
.427
2.203
2.136
.022
1.821
.744
.179
23
Kaer­
sutite
39.17
5.54
14.16
16.22
8.51
.20
11.25
2.77
.27
98.07
5.887 
2.113
. 395 
.626
2.0 39 
1.906
.025
1.812
.052
2
Calculated according to
O
PAPIKE et al . (1974)
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TABLE 3.4 continued
Sample 538-30 . 495-2
*
495-6 559-20
Dole
5
rite&Type B Intermediate Rock
Kaer­ ^Kaer­ -Horn­ Horn­
sutite sutite blende blende
Si02 39 .20 39.29 40.06 ' 
*
47.01
Ti02 5.98 4.63 ^.62 1.04
Al2°3 13 . 77 *11.77 10 . 31 5.05 .
FeOt 10.23 15.16 24.89 21.66
Mg0 12 .83 ‘9.73 4.80 9 .19
MnO . 12 .23 .40 .34
CaO 12 .43 11.69 11.18 10.25
Na^O 2.58 2.65 2. 30 1.76
k 2o 1.01 1.28 1.62 .86
Total 98 . 15 96.43 . 98.18 97:15 . ,
Si 5.780 6 .039 6 . 314 7.121
A l ™ 2 . 220 1.-961 . 1.686 . 879
A1VI .171 . 229 - .0 22
Ti * • .66 3 .535 . 311 .119
Fe3+* - - .0 33 .61.1
Fe2 + 1. 261 1.945 '3.244 2.130 *(
Mg 2 7 820 2.229 1.128 2.075'
Mn .015. ‘.030 .053 ' .044
Ca • 1.964 .1.925 1.888 1.663
Na .738 .790, . 703 ,517
K • .190 .251 . 326 . -.166
0 23 23 23 23
*- Calculated according to PAPIKE et al. (1974)
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FIGURE 3.12, TiC>2 and K..0 va/riations with FeO/MgO 
ratio in amphiboles. (A) - type-A
dolerites; (B)/— type-B dolerites.
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rocks is a light yellowish brown to dark reddish brown 
kaersutite which typically occurs as rims around clino- 
pyroxene and, not so often, |ls discrete intercuraulus 
crystals. A second amphib’ole, pleochroic' from colour­
less (very pale brownish) to pinkish, is found as over- 
'growths on kaersutite and as discrete intercumulus 
crystals. The composition Is intermediate between those
of edenite and richterite and the textural relations
suggest that these pale^coloured amphiboles crystallized 
from the trapped intereumulus liquid after crystallization 
of kaersutite. Richterite is generally considered4 to be 
a very rare mineral (CHARLES, 1975), however i.ts rari-ty 
is probably more apparent than real as detailed micro­
probe investigations of amphiboles are now revealing that
«
richterite may be a common late stage amphibole in
alkaline rock's (LARSEN, 1976 ; THOMPSON, 1976).
#
Igneous amphiboles are very rare or absent in A-" 
dolerites/LML but characteristic accessory minerals in 
B-dolerites/UML. In the mafic volcanic rocks amphibole 
postdates pyroxene crystallization and occurs as over­
growth^ on clinopyroxene and/or discrete interstitial 
'crystals showing sometimes partial transformation to fine 
grained iron oxiAes. The amphibole compositional range 
extends from pargasitic/edenitic - hornblende to kaer­
sutite; kaersutite is by far the most common amphibole 
type. As shown in fig. 3.12, early crystallized amphiboles
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from B-dolerites have higher TiC>2 and K20 contents than
those from A-dolerites; with increasing fractionation Ti02
Contents decrease in amphiboles from B-dolerites but
increase significantly in those from A-dolerites. This
trend is consistent with the compositional variations
in clinopyroxenes and confirms the higher compatibility
41
of Ti02 in alkali basaltic magmas.
f) Biotite
Chlontic pseudomorphs after biotite, sometimes still 
showing radioactive halos around zircon inclusions, are 
common minor constituents (.5-1% modal) of many felsic 
rock samples and also occur, sporadically, in the inter­
mediate rocks.
Biotite was- not identified in any of the studied 
A-dolerite/LML rock samples but occurs frequently in 
minor amounts (up to 2% -modal) in the ultramafic cumulate 
rocks and B-dolerite/UML. Biotite may form discrete 
interstitial crystals but, most commonly, it develops 
as small outgrowths on Fe-Ti oxides, amphiboles and 
clinopyroxenes.
Chemical analyses of biotites from the ultramafic 
rocks and B-dolerites are set down in table 3.5. Biotites 
range widely in composition from phlogopite, with Mg/Fe 
(atomic ratio) of 5.01 in the Ultramafic rocks, to 
biotites with Mg/Fe ratios down to'.35 in some dolerites. 
For each individual rock sample, Mn increases and Na
r
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TABLE 3.5. Representative Electron-Probe Analyses of 
Biotite.
1 3 0
Sample TH-UB1 538-30 538-30 538-30 538-30
SiO 40.23 35 . 32 36 .27 35.84 35.20
2
Ti02 .44 6.89 4.79 4. 10 3.88
Al2°3 12 .fa 13.63 13.50 14.26 13.91
FeOt 8.67 15.83 18.15 20 . 75 22. 37
MgO 24,35 12.79 12'. 52 10. 33 9.80
MnO - .08 .50 .53 .57 .67
CaO .00 .00 .00 .00 .00
Na2° .97 .79 .64 .59 .56
k 2o 8.22 9.11 9 . 34 9.21 9.40
Total 95.39 94.85 95.73 9^.68 95.80
Si 5.783 5.382 5.517 5.524 5.483
Ti .048 .789 .548 .475 .454
Al "2.10 8 2 .446 2.420 2 .590 2.553
Fe 1.042 2.017 2. 309 2.6 75 2.914
Mg 5.218 2.905 2.838 2 . 373 2.275
Mn .010 .065 .06 8 .074 .088
Ca .000 .000 .000 .000 .000
Na .270 .233 .189 .176 .169
K 1.507 1.771 1. 812 1.811 1.868
0 22 22 22 22 22
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TABLE 3.5. continued
1 3 1
Sample 538-30 538-30 506-8 495-7 495-8
Si02 35.05 34.59 36.26 36 . 37 34.83
Ti02 5.57 5.61 8.98 5 . 30 5.63
Al2°3 13.67 13.65 13.82 12.53 12.69
FeOt 22. 86 23.99 * 17.35 25.13 27.22
MgO 9.17 7.66 10.49 6.77 5.41
MnO .70 .74 .16 .27 . 4 i
CaO .00 .06 .16 .00 .00
Na20 .58 .50 .28 .14 .16
K2° V 9.44 9.23 8.39 8.48 '9 .09
Total 97.01 96.04 95.90 94 .97 95.44
Si 5.407 5.424 5.444 5 . 726 5.565
Ti .646 .662 1.014 .627 .676
Al 2.485 2.523 2.445 2 . 325 2.390
Fe 2.949 3.146 2.178 3.309 3.637
Mg 2.109 1.790 2.347 1.589 1.288
Mn .091 .098 .020 .036 .055
Ca .000 .010 .026 .000 • .000
Na .173 .152 .082 .043 .050
K * 1.858 1.846 1.607 1.703 1.853
0 c
22 22 22 22 22
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TABLE 3 .6. Electron 
Analyses
Microprobe (Relict) Plagioc 
(Mafic Rocks).
Sample 551-7 551-7 538-30 538-30
--- A-Dolerite --- --- B-Dolerite ---
Si02 52.98 54.49 52.36 53.91
s
Al2°3 29 .62 29.27 29.45 28.46
C3.0 12. 49 10.95 12.38 11. 39
Na20 4.32 4.58 4.23 4 .80
K2° .06
.04 . 37 .49
Total 99.47 99.82 98.79 99.05
Si 9.636 9.856 9.608 9 .841
Al 6.350 6.239 6.369 6.123
Ca 2.434 2.122 2.434 2.228
Na 1.523 1.606 1.505 1.699
K .014 .009 .087 .114
0 32 32 32 32
An % 61.29 56.78 60.46 55.13
Ab 38. 35 42.97 37.38 42.04
Or . 35 .24 2.16 2.82
1
I
C4
*1
ll
Hi
&
&
%
«> 1
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decreases as Mg/Fe falls. Except for the phlogopite in 
sample TH-UB.l (ultramafic cumulate), Ti values tend to 
be high (TiC^, 4-9 per cent), but, as shown in figure
O
3.13, TiC>2 contents initially decrease with increasing
t t
FeO contents, until a given value of FeO /MgO is reached,
whereupon there is a reversal with further increase in
t • % ^
FeO ; this trend vis similar to that observed for middle/
late stage clinopyroxenes from B-dolerite/UML (see fig.
f
3.10a) .
g) Feldspars
Optical determinations of relict calcic plagioclase 
compositions suggest that the maximum anorthite contents 
are about 75% in plagioclases from the mafic rocks,
v
52% in, plagioclases from intermediate rocks and 30% 
in plagioclases from the felsic rocks (see also BOOGAARD, 
1967; RAMBAUD, 1969; LECOLLE, 1977 and table 3.6).
K-feldspar 'of apparently igneous origin (pheno- 
crysts) also occurs in the felsic rocks; however, no 
high-temperature polymorphs have been reporteci so far.
*
3.4 “GEOCHEMISTRY OF THE MAFIC ROCKS
o
*3.4.1 Geochemical Features of the Iberian Pyrite Belt 
Basaltic Rocks. *
A total of 70 mafic meta-volcanic rock samples 
were selected for major and trace element analysis, and .
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26 samples were further analyzed for rare earth elements 
(REE). The samples include 47 dolerites, 10 lower mafic 
lavas, 7 upper mafic lavas and 6 greenschists from the 
Pulo do Lobo Formation (see Appendix II).
a) Major Elements
The great majority of the basaltic rocks from the
Iberian Pyrite Belt are hypersthene-olivine normative,
*
but a few type B dolerites have nepheline in their 
norms, suggesting alkaline affinities. However, 
normative compositions are highly susceptible to the 
effects of secondary alteration and, in consequence, no 
further discussion of these results will be presented 
here.
The analyzed samples display a considerable range
t ' tof FeO and Ti02 values, and plots of FeO /MgO as a
function of FeO*" and Ti©2 (fig. 3.14) show that there is 
a general tendency for a positive correlation. As 
FeOt/MgO increases there is an absolute increase in FeOt 
and Ti©2 without significant variation in SiO^, con­
firming that the fractionation trends are not calc-
alkaline (KUNO, 1959; MIYASHIRO, 1974). Such relation-
*
ships are similar to those observed^in ocean ridge, back- 
arc marginal basin and intra-plate basalts (SHIDO et al., 
1971;' BARBIERI et al., 1975; MIYASHIRO and SHIDO,
1975; SAUNDERS and TARNEY, 1979 ; SAUNDERS et al., 1979) . 1^7-j|icl
Hi
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FIGURE 3.14 Ti02 - FeO/MgO and FeO - FeO/MgO 
variation diagrams for the Iberian 
Pyrite Belt mafic rocks (stars within 
circles: Pulo Formation greenstone
squares: lower mafic lavas; closed 
circles: type-A dolerites; circun- 
ferences: type-B dolerites; triangles 
upper mafic lavas). MORB glasses com 
positional data from BRYAN (1979). 
Th/Ca compositional divider after 
MIYASHIRO (1974).
s'
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b) T i , P, Zr, Y and Nb'Variations 
Ti > P, Z*r, Y and Nb are ejll elements with high 
field strength and, as a result, they are not usually 
transported in aqueous fluids‘(see ALDERTON~et al., 
i 1980) and tend to remain unaffected in rocks which have 
suffered metasomatic alteration. This property, to­
gether with their characteristic variations in fresh 
lavas, means that these elements can be used in many 
cases to study metamorphosed basalts whose mineralogy 
and chemistry has otherwise been greatly affected 
(PEARGE and CANN, 1971; 19 73; PEARCE, 1975; FLOYD and 
WINCHESTER, 1975; 1978; WINCHESTER and FLOYD, 1976;
1977).
* • - I
As shown in figure 3.15, the analyzed samples
display a considerable range, of P20^/Zr ratios. B-
dolerites and the upper mafic lavas are enriched in ?2®5
(?205/Zr ' 3-3) w h e r e a s i n  contrast, A-dolerites, lower
mafic lavas and Pulo greenschists are slightly depleted
in P„o,. (P_0,./Zr - .15) relative to an upper mantle P,0_/
2 5 Z D  . £ D
Zr ratio of about 18 (RINGWOOD, 1975; SUN and NESBITT,
1*976a; WOOD et a l . ,' 1979b) . The data points clearly 
define two main groups representing different trend 
lines on the P.Oc-Zr-diagram; the great majority of
I D
A-dolerite/LML, Pulo greenschists and B-dolerite/UML 
plot on groups 1 and 3 respectively and the few remaining 
samples constitute a third group with intermediate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PpOc-gr variation diagram for the Ibexian Pyrite Belt 
mafic rocks. Chondr.: chondritic P Os/Zr ratio; M - 
primordial mantle P O '/Zr ratio (see text) . Compare 
FLOYD and WINCHESTER 11975).
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P^O^/Zr ratiofe which will be referred to from now on as 
group 2.
Both P^O^/Zr and Y/Nb values (figs. 3.16a,b) indicate 
that the mafic meta-volcanic rocks from the Iberian Pyrite 
Belt have chemical £eatures'ranging continuously from 
throsp characteristic of alkali basalts to those typical 
of the tholeiitic series. Groups 1 and 3 have clear 
affinities with tholeiitic and alkali basalt^, respective-
r
ly, whereas group 2 -basalts have ^ N b  ratios typical of 
' so-called transitional basalts, in accordance with
' C
petrographic and mineral chemistry relations previously 
’ discussed.)? (
From the study of peridotites, MORB and Archean 
komatiites^ RINGWOOD (1975), NESBITT and SUN (1976)
■ and SUN and NESBITT (1977a) suggested that the-terres­
trial upper mantle is characterized by a T i C ^ / P ^  
ratio equal to about 10-12, whereas the known chondritic 
ratio is about .4 (KAY and HUBBARD, 19 78)trf Figure 3.17 
shows that group 1 basaltic rocks have Ti02/P2*9g ratios 
approaching mantle values, but thosd of group 3, as well
, ( »  r <* • i
as all rocks, of alkaline- affinity in general (NOCKOLDS,
1954; SUN and HANSON, 1975b; KAY and GAST, 1973), have
TiO /P?Oc less than 10, suggesting'that P is preferen- 
2 2 5
tially enriched- in these magmas. If, the similar geo­
chemical features for group 3 rocks and alkali basalts/
+■
\
basanitoids signify similar degrees of partial melting
’/I
I I
* S1
m
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from an upper mantle source, then the lower TiC>2/
P2^5 rataos maY signify that the source region has been 
enriched in ^2^5 or TiC>2 may have been either
retained in some residual phases during partial melting, 
or lost from the liquid as a result of fractionation 
of the same phases.
Refractory incompatible elements, such as Ti, Zr,
Y and Nb maintain constant ratios in those liquids 
produced by large degrees of partial melting and hence
reflect, to a certain extent, the chemical character-
/
istics in their upper mantle sources (TREUIL and JORON-,
1975; JORON and TREUIL, 1977; JORON et al., 1978).
Figures 3.18a,b,c, and d examine the relative enrich­
ment/depletion order'among these elements. An almost 
flat trend for group 3 basaltic rocks in figure 3.18a 
suggests that Zr,- like P2°5' is enriched relative to Ti,
J * ,
whereas from the data in figures 3.18b and 3.18c it is 
clear that Y is relatively depleted. In figure 3.18b, 
the Pulo Formation greensc^sts define an additional 
group which is characterized by Zr/Y values similar-to 
those commonly reported for "normal" type MORB (SUN et 
al. , 1979), in contrast with both groups 1 (Zr/Y, 3-4.3) 
and 3 (Zr/Y, 5-9) which are enriched in Zr relative to 
the chondritic ratio ((Zr/Y)cn, 2.8; SUN and NESBITT,
1’977a; WG(OD "et al. , 1979a). Figure 3.18d shows that Zr/Nb
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(1979).
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ratios range widely, from 60-T0 in group 1, through 9-4 
in group 2, down to about 3 in group 3. Island arc 
basalt, some back-arc basin basalt and N-type-MORB samples 
have Zr/Nb values within the range observed for group 1 
basaltic rocks and group 2 values are similar to those
i
commonly reported for enriched (P-type) I^ORB and oceanic 
island basalts. Low Zr/Nb values such as those of group 
3 samples are characteristic of^most alkaline within- 
plate basalts (see KESSON, 1973; B A K E R ^ f . .al. , 1974 ;
ERLAND and KABLE, 1976; KYLE and RANKIN, 1976; BAKER et 
al., 1977; DIXON and BAPTIZA, 1979; SAUNDERS and TARNEY, 
1979; SUN et al., 1979; PERFIT et al., 1980). It is 
evident that for group 3 rock samples Nb is much more 
enriched than Zr,thus the sequence of relative enrich­
ment is: Nb > P > Zr > Ti > Y; a similar enrichment
pattern is true for many alkaline rocks (e.g. GERASIMOVSKI,
s /1
1974) and reflects the order of decreasing D values
ir
for common residual mantle mineralogies.
The Ti-Zr diagram (fig. 3.18a) shows that the A- 
dolerite/LML and Pulo Formation samples group in or 
near the ocean-floor basalt field but that most of group 
3 samples extend beyond its limits at high Ti and Zr 
values. On the Zr/Y-Zr discriminant diagram (fig. 3.18c) 
all B-dolerite/UML (group 3) samples do fall in the 
• within-plate basalt fie^
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c) Rare Earth Elements
Representative Masuda-Coryell plots (figs. 3.19a,b, 
c,d,e) of the REE data for the Iberian Pyrite Belt 
basaltic rocks indicate that in all samples the light- 
REE are enriched with respect to heavy-REE compared to 
chondrites'. Although a considerable variation in the 
degree of REE fractionation is apparent for the whole 
set, within each group the chondrite-normalized REE 
patterns are essentially parallel and there is a 
general positive correlation between REE abundances 
and abundances of other trace and minor elements as well\ 
as between pairs of REE (figs. 3.20a,b,c,d). Critical 
ratios commonly used to express the degree of fractiona­
tion among REE are set down in table 3.7.
Group 3 dolerites and UML samples (figs. 3.19d,e; 
3.20a,b,c,d) show the highest degree of lrght-REE
4
enrichment relative to heavy-REE. and their steep REE 
distribution patterns closely resemble those of alkali 
basalts and basanitoides reported by KAY and GAST (1973) 
and SUN and HANSON (1975b). Since Nb, P and Y tend to 
follow the light-REE and heavy-REE respectively and Zr 
is similar to Sm in geochemical behaviour (BESWICK and 
CARMICHAEL, 1978; SUN et al., 1979), the high Nb/Zr,
P 0 /Zr. and Zr/Y values are consistent with their LREE/
HREE ratios, in particular, the high La/Sm and Sm/Yb 
values.
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FIGURE 3.20a. Nb-La and La-Nd variation diagrams for the Iberian Pyrite Belt 
mafia rocks (H-Ti and L-Ti refer to high-Ti and low-Ti group 1 
rocks in figure 3.18a, respectively).'
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TABLE 3.7. Key Elemental Ratios
.
Group
1
Group
2
Group
3
N-MORB Alkali-Basalt Mantle
Chon­
drites
(La/Ce)N 1.26 1.31 1.45 .70 1.30 1.00 1.00
La/Sm - 2.80 3.80 6.20 -1.00 5.30 1.80 1 ..60
Sm/Yb >'.80 2.70 3.70 -1.00 4.10 .90 .90
P2°5/Ce# 58.00 69 . 00 84.00 115.00 75 (±15) 105.00
3100.00
P2°5/Zr .• 15.00 20.00 33.0T) 15.00 25.00 18.00 450.00
Zr/Nb 30.00 5.00 3.00 37.00 5.00 14.00
2r/Y • 3.70 f 4.80 6.70 2.40- 7.00 2. 80
Sources of data for N-MORB, alkali-basalt( Primordial mantle and ch<?n- 
drites are: 1RINGW00D (1975), SUN and HANSON (1975b, 1976), KAY and 
GAST (1973) , LANGMUIR et al. (1977), SUN and NESBITT '(1977), KAY and 
HUBBARD (1978), WOOD et al. (1979b).
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Group 2 dolerites (fig. 3.19c) have transitional
characteristics, regarding both REE abundances and
*general distribution patterns, when compared with 
Hawaiian tholeiitic and alkali basalts (SCHILLING-and 
WINCHESTER, 1969; KAY and GAST, 1973; see also FREY et 
a l . , 1978) .
Group 1 dolerites and LML samples (figs. 3.19a,b; 
3.20a,b,c,d) display the least fractionated REE dis­
tribution patterns being similar to many LILE-enriched 
tholeiites from both continental and oceanic environments 
(FREY et al.,- 1968; SCHILLING, 1971; BARBIERI et al 
1975; S CHI BATA et al., 19-79) . The most significant 
feature of the group 1 basaltic rocks REE data is the 
pronounced light-REE enrichment relative to Nb (fig.
3.20a), which distinguish this basaltic suite from the 
other basaltic rock groups in the Iberian Pyrite Belt
f
as well as from most MORB and within-plate basalts.
Trace elements which, like Nb (Tb, Zr, H f , Ta, Th), 
have high charge/ionic radius ratios, are characteristical­
ly depleted in ‘island arc basalts relative tp within- 
plate and many MORB (PERMIT et al., 1980), and their 
concentrations have been successfully used to discrimin­
ate basalts from diffe'rihg tectonic settings (PEARCE and 
NORRY, 19-79; WOOD et al. , 1979c). It should be noted 
that many back-arc basin basalts also have sources with 
island arc affinities regarding LILE/HFSE relationships
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 3.21. Chondrite-normalized REE patterns for cumulate group 1 
doleritic rocks. Compositional fields for lower mafic 
lavas (hatched) and other group 1 dolerites are also 
shown.
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(e.g. GILL, 1976a ,b; SAUNDERS and TARNEY, 1979'; SAUNDERS 
et al., 1979; WEAVER et al., 1979; MORRISON *et al. ,
1979; THOMPSON et al. , ^80) . 'I shall explore the Nb 
problem in a later section.
Figure 3.21 shows chondrite-normalized plots of the 
REE data for three group 1 dolerites which display 
considerably different REE distributions compared with 
the majority of the analyzed samples. Sample 507-18 has 
low incompatible trace element contents as well as low 
relative abundances of Ni and Cr (§ee Appendix II).
These features, together with high Al202/Ti02 ratio 
and a pronounced positive Eu anomaly, seem to indicate 
that, accumulation of plagioclase may be responsible for 
its geochemical peculiarities. Samples 567-44 and GA3-5 
display relative light-REE depletion and also haye 
comparatively high Cr/Ni ratios (see Appendix II), thus 
suggesting that they represent clinopyroxene cumulates 
(see HANSON, 19 80), their differing REE distribution 
patterns and trace element abundances reflecting, most 
probably, variable proportions of cumulate crystals and 
residual liquid.
d) Transition Metals
Figure 3.22 illustrates the abundances of the first 
transition metal series (except Fe, Cu and Zn) in re­
presentative samples of the least fractionated, apparently 
non-cumulate, basaltic rocks from the Iberian Pyrite Belt.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 3.22 Chondrite-normalized patterns of 
the first transition metal series 
for representative samples of the 
least fractionated (non-cumulate) 
basaltic rocks from the Iberian 
Pyrite Belt (see text.) .
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The chondrite-normalized plots (using normalizing values
of LANGMUIR et al., 1977 and WOOD et al., 1979a) pro­
vides a reference base for assessing the geochemical 
behaviour of these elements. The striking features of 
these data are the smooth, more than three orders of
magnitude, decrease in normalized abundance from Ti to
ated fresh basalts from the ocean floor, ocean island and. 
continents (LANGMUIR et al., 1977; KAY and HUBBARD,
1978; WASS, 1980). Despite this regular pattern on a 
broad scale, relative transition metal abundances show 
a considerable spread for the different basaltic rock 
groups. • r »
As it is apparen.t from data on figures 3.2 3 and 
3.24, Ni and Cr show a general sympathetic variation 
^(non-cumulate samples) but the least, fractionated group 
3 basalts display higher Ni/Cr values and Sc depletion 
relative to the samples which comprise groups 1 and 2. 
Because N i , Cr and Sc have high crystal/magma distribution 
coefficients for olivine, pyroxene .and garnet, these 
elements, are strongly partitioned into the residual 
mantle minerals, providing no one of these minerals melts 
completely, and in consequence, it is the olivine,
t
pyroxene and garpet residual modes of the source that 
will control the Ni/Cr ratio and Sc content of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ni and the negative Cr anomaly, characteristics which 
are broadly similar to those for relatively unfraction-
f
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resultant melt. Accordingly, an olivine-rich'' residual 
mantle source will produce a liquid with lower Ni/Cr
' v v
ratio and higher Sc content dnd a clinopyroxene, garnet1 
rich residual mantle source will result in a liquid 
with higher Ni/Cr ratio and lower Sc concentration.
i \
Increasing the degree of partial melting will, in
general, result in a progressive decrease of the cl'ino-
* «.
pyroxene plus garnet/olivine ratio in the residual 
source (e.g. GREEN, 1973) thus, ^C$?£rding to experi- 
mental petrology'(see GREEN, 1969; 1970 ; 1971; GREEN
j -
and RINGWOOD, 1967) , primary tholeiitic melts should
show, as a' general rule, lower Ni/Cr ratio and higher
Sc contents (as well as lower Zr/Y and La/Yb ratios),
» *
compared with primary alkali.basalt melts derived from 
the same 'jnantle source; these geochemical features are£ t
* - * 
consistent with the' previously discussed geochemical
, •
and mineralogihal data regarding the,Iberian Pyrite Belt 
basaltic rocks^ v
Considerable variations are also evident for Ti/V 
- ratios (fig. 3.25) which display a continuous frac­
tionation towards higher values from the Pulo Formation 
greenschists to the-upper mafic lavas. ^As shown in fig. 
3.25, individual suites of near primary basaltic rocks 
from world-wide sources plot in closely defined, i>ut
SS
different, fields of Ti/V, which has been interpreted as 
a consequence of large scale inhotaogeneity of Ti and V
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 3.25. Plot of V/Ti for Iberian Pyrite Belt basaltic rocks. 
Data sources: choridri'tes, MORB, ocean island basalts
(OIB) , alkaline -continental basalts (AJJct) and upper 
mantle kaersutites - LANGMUIR et- al. (1977) , WASS 
(1980); Bismarck.Sea basalts - JOHNSON et al. (1978).
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FIGURE 3.26 Ni-Y discrimination, diagram (CRAWFORD 
ahd KEAYS, 197.8) applied to (non- 
cumulate) basaltic rocks from the 
Iberian Pyrite Belt.
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in the mantle, possibly correlative with tectonic envir­
onment (LANGMUIR et al., 1977; WASS, 1980). Regarding •
Ti-V relations, the Pulo greenschist samples plot in the 
\
field for mid-ocean ridge basalts (Ti/V,„ 22-29) arid the 
upper mafic lavas show Ti/V values' about 6 0 which are 
transitional between those for ocean island and con- 
1 tinental alkali basailts; group 1 dolerites display
intermediate Ti/V ratios (-39) similar to those reported 
by JOHNSON et al. (1978) for the Bismarck sea marginal*
, basin. • •
The Ni-Y discrimination diagram (fig. 3.26) ,
/
proposed by CRAWFORD and-KEAYS (1978) , supports the ■
information already obtained from previous plots (see
✓ ^
figs.' 3 . 1 8 a , c o n c e r n i n g  the tectonic environment 
in .which the magmatic activity took place and also 
excludes the low-K tholeiites from island-arcs.
3.4.2 Retrogenet-ic Discussion
In t}ie following discussion, all model calculations 
were' based on the equation of SHAW (1970) for partial 
melting ( c V c  = 1/F + D(l-F)) and the Rayleigh ‘fraction­
ation law for fractional crystallization (c1/ c o = F° 1) 
(NEUMAN et al., 1954)v, where D is the bulk mineral/ 
liquid distribution coefficient for the residue at the
# s
time when the liquid is removed from the source (in 
. partial melting), or for the' fractionation phase (s)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(fractional crystallization) (see table 3.8); F is the
fraction or degree of melting (partial melting) or the 
(
fraction of liquid that remains.(fractional crystalliza­
tion) ; c^ represents elemental concentration in the 
liquid formed by partial melting or remaining after 
fractional crystallization and c q is the original con- 
centration m  the source (partial melting) or in the 
parental magma (fractional crystallization).
a) Primary Magmas
Since one of the purposes of this study is to use
major and trace element constraints to elucidate some
problems of mantle composition and magma genesis in the
Iberian Pyrite Belt, a first step is to characterize
v
those magmas which are primary melts from the upper 
mantle;'that is, mantle-derived melts that have’ been 
unmodified by fractional crystallization or other 
processes during movement to the Earth's surface or
s
following emplacement.
4
Var-ious criteria have been utilized for identifying 
and characterizing the composition of primary magmas but 
most commonly Mg/(Mg + Fe) ratios and compatible trace 
element concentrations are used (GAST, 1968; KAY. et al., 
1970; SUN and HANSON, 1975b; FREY et al., 1978) because
these factors are very sensitive to fractional crys-
/
tallization of the early mafic minerals. Data from 
natural ultramafic xenoliths in kimberlites and basalts
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and from refractory mantle rocks exposed in ophiolitic
complexes indicate that the compositional variation of
residual mantle olivine ranges from Fo00 to Fo__* ' oo y Z
%
(GREEN,, 1970) . Because olivine is a liquidus phase at 
<low-presfeure for a wide range of 'basaltic compositions
it is possible to estimate the effects of low p^ssure
<■ ^
fractional crystallization and add the appropriate
amounts' of olitfine until a liquid composition is reached
*
which would h^ve'olivine Fo00 no as its liquidus phase.- • o0“i7 6
Using, the most magnesian olivine compositions, deter-
4 V ~ " »4
mined in'olivine relict's from the ultramafic oumulate
rocks studied here/ and available distribution coeffi- 
* * % 
cient data it has’been calculated that the least
evolved basaltic rocks from the Iberian Pyrite Belt
f
could be produced from corresponding primary magmas by
about 10-20% of olivine fractionation.
Another limit on the extent of crystal fractionation
; s/Iis given by the- Ni content. Assuming D between
olivine and melt to be about 10 (HAKLI and WRIGHT,
196 7; IRVING, 1978) and a mantle peridotite having 
•about 2000-3000 ppm-Ni- (a value commonly found for' 
peridotite nodules; FREY and GREEN, 1974), 300-400 ppm •
*’Ni may be considered ■ to be a reasonable concentration fc5r
a primary basaltic liquid. Using this criteria, primary 
magma compositions were estimated for the least frac­
tionated, apparently non-cumulate, basaltic rocks from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the Iberian Pyrite Belt and the results are presented in 
■table 3.9. FREY et al. (1978). used Co and Sc, as well
4
as Hi concentrations to infer primary magma compositions 
and estimated that 1-20% partialvmelting of Iherzolite 
range, in Co from 27 to 8 0 jppm and in Sc from 15 to 28 
ppm; as it may be seen dn table 3.9, Co' and Sc abundances 
in the palculated primary basalt compositions lie within 
these broad ranges. J A
The use of Mg/(Mg + Fe) and Ni content for identi­
fying and characterizing primary magma compositions is 
limited by uncertainties regarding the heterogeneities
-and absolute values for the Mg/Mg + Fe ratio and Ni 
content fpr the mantle source and the temperature- 
pressure-composition dependent variations on Ni distri­
bution coefficients for the various minerals involved in 
both partial melting and differentiation. Nevertheless, 
during the early stages of fractional crystallization 
mainly olivine and possibly plagioc-lase and/or clino- 
pyroxene are involved and because these minerals hg^ve 
low mineral-melt distribution coefficients tor the
'C
incompatible elements, separatioh or Sccumulation of
these minerals will affect the concentrations -of the
*
incompatible elements in the melt, but will have little 
effect on the incompatible element ratios. Since mOst 
of the following discussion is. based on incompatible 
element ratios it is expected that the uncertainties
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE 3.9. Parental-
tOcv * ^
Magma Compositions - -
> A B C . D E F
Lower Maf^ic Group- 1 
Lavas Doleritas
Group 2 
-Dolerites
Group 3 
Dolerites
Primordial
Mantle Chondrites
Nb ppm 2.4 6.1 15.2 55.7 .62 .4. -
f
La 7.8 | _ 9.2 12 .5 ' 35.0 .71 ‘ ! 315
Ce : 16 .7 • 18.9 24.1 62.1 ' » ^ 1 . 9 0 ' .v813 ’
Nd . 
Sm
12.1
3.4
12.4
3.2
14.0
3.3
30.2
5.8
1.29
.385 .192
Zr >- 95 78 81 165 ii 5.6
Tb .68 .59 . .56 .78 .099 .049
Y 28 ' 20 20 23 4. 87 2
Yb 2.1 1.9 - 1.3 1.6 .’42 .208
Sc 28 28 24 22 20 | 5.2
V 0* . - 219 - V 83 j 49
Co
Ti02 % 
P2°5 %
102
1.49
.12*
■ 74 
1.38 
.10
. 89 
1.59 
.19
76
2.51
.53
100
.02 ■ ,
4 75 
620 ppm) 
1100 (P
A. Sample E-16A + 5% pi + 15% ol''
B Average of 507-3; 507-5; 567-52; E-35 + 10% ol
C Sample E-34 + 5% ol
D Average of 495-2; 506-8; 538-5; 538-9; 538-14 + (6-13%) ol
E Sources of Data; RINGWOOD (1975); SUN and NESBITT (1977); WOOD et al. (1979a,b)
F Sources of Data; SUN and HANSON (197r6); LANGMUIR et al. (1977); SUN and NESBITT
9 (1977); KAY and HUBBARD (1978); WOOD et al. (1979a)
*
1
7
6
177
.involved on the primary magma composition calculations
i
will not seriously affect the interpretations.
*■ i ■ f
b) Genetic Relations Among the Basaltic Rock
Types from the Iberian Pyrite W i t
*
b.l) Shallow Level Fractional Crystallization.
Chemical variations occurring in a natural sequence
w
of rocks are commonly illustrate^ by referring to 
variation diagrams. For a rock series supposed to have 
been derived by a process of crystal fractionation, the 
best parameter for a variation diagram would be the 
fraction of the initial composition formed by the 
residual liguid. The most commonly employed parameters, 
such as differentiation index (THORTON and TUTTLE,
1960) or solidification index (KUNO, 1968), based on the 
assemblage of major elements or normative mineral-s are 
not satisfactory mostly because they include elements 
readily mobilized during secondary processes, such as 
hydrothermal/regional low-grade met^amorphism and weather­
ing, which affected all samples studied here. A better 
approximation can be obtained by Referring to "immobile1 
trace elements with an incompatible behaviour because 
their concentrations are simple ^functions of the fraction 
of the residual liquid (TREUIL, 1973? ALLEGRE et al.,.
19 77). Zr is easily analyzed with reasonable precision 
by conventional X R F ) it is considered to be immobile 
during low-temperature and it has an essentially incom-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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patible behaviour relative to most low-pressure frac­
tionating phase?; consequently, Zr was often used in 
the variation diagrams prepared for this study.
The variation diagrams can also be used to identify 
fractionating phases and: theif relative importance.
'some elements are particularly useful, because they 
readily enter only one or two fractionating minerals.
For example*, Al into plagioclase and spinel, Ti into 
Ti-magnetite and ilmenite, Ni into olivine, and Cr 
and Sc into spinel and clinopyroxene.
' tThe considerable.variation in the FeO /MgO ratio 
and Ni contents (figs. 3.14 and 3.27) for group 1
basaltic rocks as well as the systematic and congruent o
* .
decrease of Ni concentrations with increasing Zr cdn-
tents suggest that some of the data for this rock group 
(as well as for group 2) might be explained by olivine 
fractionation from primitive liquids similar to those
reported on table 3.9. Ni first decreases quite
\ ' 
shirply but the rate of decrease declines with fraction-
!
ation, whereas Cr apparently displays an inverse relation­
ship between de'creasiiSskConcentration rate and degree of 
fractionation (fig. 3‘.2 8) . >Sc first increases slightly, 
to finally decrease above 120^L60 ppm Zr (fig. 3.24), 
especially in the lower* mafic lavas. Ti increases 
initially (fig. 3.18a) while A l 20 3/Ti02 ratios decrease 
(fig. 3.29), but both trend? are reversed at later
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 3.27.- Ni-Zr relationships for (non-cumiilate) basaltic rocks from
the Pyrite Belt. Rock groups 1 and 2/3 are plotted 
separately. '
C£>
FIGURE 3.-28.
\
. . ' i
i
Ti-Cr relationships for (non-cumulate) 
basaltic rocks from the Pyrite Belt. * 
Compositional fields for ocean floor • 
basalts (OFB) and low-K tholeiites 
are after PEARCE* (1975).. Modelled 
fraptionation ^ epjtors are: 50%
plagioclase tpD, 50% olivine (ol) ,
25% clinopyroxene (.cpx) , 2% spinel 
(sp), 2% Ti-magnetite (Ti-mt) . Data 
from table 3.8.,
i
i.
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stages for the lower mafic lavas. The elements P, Nb,
La, Ce, Nd, Sm, Gd, Y and Yb all increase strongly and
4
linearly with increasing Zr (figs. 3.15; 3.18b,d; 3.,20a,
•a
b,c,d) indicating- that they are essentially^excluded
from the main fractionating phases. Because some of.
s/1these elements have very small D / coefficients they 
can be used to calculate the total percentage of 
fractionation that has occurred (ANDERSON- and GREENLAND, 
1969; ZIELINSKI and FREY, 1970; TREUIL, 1973; BARBIERI 
et al., 1975; ALLEGRE et al., 1977). Fractionation ~
calculations based on La, Zr and P are given in table
s /l^3.10, assuming that mean D 7 coefficients for these - 
elements are identical to those for a fractionating 
mode 70% (olivine-plagioclase) +30% clinopyroxene.
The percent differentiation calculated depends on the 
parental magma composition used and whether' residual 
liquids are actually related to the proposed parental 
magmas. The ranges in La, Zr and P2°5 concentrations 
indicate that the most fractionated lower mafic lava 
.(sample E-16) and group 1 dolerite (sample 551-26) 
represent as little as 30-46 and 30-32 percent residual
I
liquid of parental magmhs having compositions identical
, /
to those of sample E-l£a+(15% olivine, 5% plagioclase)
and the average of samples 507-3, 507-5, 567-52, E-35+©
(10% olivine), respectivelyAccording to calculated 
mean bulk solid/liquid distribution coefficients (table
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TABLE 3.
0
10. Models of Shallow Differentiation
Sample
<y ..
Patental
Magma
Lower, Mafic 
Lavas*
.4r
Dif feren 
. tiate
E-16
9
Calculated
F
Calculated 
"Mean dS/l"
La ppm 7 .8 20.3 .36
Zr 95' 201 .46
P2°5 % .12 .27 .44
Nb ppm 2.4 5 • ** .15
Sm 3; 4 7.5 * .09
.Tid2'- % »' 1.49 1.90 .72
Y ppm 28 ' 50' - .33?
Sc 28 32 c * .86
Ni f- 36 3 10 5.17°
Sample Group 1 Dolerites*- 551-26
La ppm 9.2 27.8 .31 .
Zr
t.
78 231 .32
P2°5 % .10' .33 .30 -
Nb ppm 6'. 1 17 .13
Sm 3.2 9.0 .12
;rio2 % "" 1.38- 2.92 .36.
Y ppm 20 57 .11
Sc* 28 39 .11
Ni 350 11 3.95 3.95
* see table 3.9
\
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3.10) the amounts of clinopyroxene and Ti-magnetite 
precipitated from the initial melt, jnost probably, com­
prise no more than 20% and 3% respectively; the consis­
tency of the calculations, based on La, Zr and P^CL,
^ •
also suggests that apatite is not an important frac­
tionating phase.
Petrographic, mineralogioerl^and geochemical data 
discussed above for group basaltic rocks are broadly 
consistent with the following shallow level fraction- 
■ ation model. The parent magma composition was such 
that olivine was the first phase to crystallize.
Olivine crystallizat-i^g^thus forced the residual liquid 
to a cotedtic where plagioclase followed by clino­
pyroxene started to precipitate being joined later by
Fe-Ti^oxides. It is' not clear whether or not spinel^ ( '
/
crystallization-accompanied early olivine formation 
in group ‘1 basaltic rocks; most probably it ceased at an 
early stage as a result of liquid-spinel-plagioclase- 
clinopyroxene reaction.
In contrast with, the congruent■relationships ob­
served for group 1 basaltic rocks, the lack of correla­
tion between Ni and, Zr concentrations (fig. 3.27)
- « *
suggests that at least part of the variation of the trace 
element concentrations for group 3 basaltic rocks -is a 
result of magmatic processes other than low-pressure 
crystallization. Furthermore, the variation diagrams
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 8 6  ,
(figs. 3.15, 3.17, 3.18a,b,d, 3.20a,b,c,d, 3.23, 3.24,
3.25, 3.27, 3.29) indicate that group 3 basaltic rocks
deviate considerably from the trend(s) defined by group
1 samples. Thus, it is not likely that simple shallow
level fractionation involving olivine, plagioclase and
clinopyroxene could account for trace element variations
in group 3 samples or could generate group 1 and group
3 basaltic rocks from a common parent magma. The
*
validity of.this inference may be checked without 
difficulty by considering the REE distributions (figs.
3.19a,b,d',e), because group 3 samples are enriched in 
light-REE but depleted in heavy-REE with respect to 
the most primitive group 1 samples. ^ie bulk solid- 
liquid partition coefficients for light- and heavy-REE
*
are much less than unity for mineral assemblages of 
olivine, plagioclase and clinopyroxene coexisting with 
a basaltic liquid; therefore, separation of olivine, 
plagioclase and clinopyroxene results in an essentially 
parallel upward shift of the REE pattern (see figs.
3.19a,b) in increasingly fractionated liquids. The REE
patterns of groups 1 and 3 basaltic rocks are not
compatible with a closed system shallow level fractional
crystallization model.
An'open system crystal.fractionation model, involving 
continual replenishment of a magma chamber and only
partial extraction of Jafoe fractionated liquid, was tested
A
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using the equation for enrichment of a trace element in 
the steady state liquid (O'HARA; 1977) and the same 
fractionating assemblage as for the closed system model. 
While this process cSn produce significant changes on 
the relative fractionation among trace elements of the 
residual liquids, to generate meaningful heterogeneities, 
in terms of the studied samples, the increases in 
absolute trace element concentrations .would largely 
exceed the observed variations between groups 1 and 3 
basalti'eT rocks (see also PANKHURST. 1977) . Clearly,* w >«
this process is incapable of producing all the observed-
chemical variation.
•Alternative mechanisms .for relating these basaltic
types are fractional crystallization at high pressures 
<
and partial melting1 processes of upper mantle peri- 
dotites. These models are examined below. Model cal­
culations in this section consider the compositions in v 
table 3.9 as the parental composition among each group 
of analyzed basaltic rocks and evaluate if these 
compositions can be related genetically.-
b .2) Fractional Crystallization at High-Pressures 
At pressures above 20 kb, possible mineral phases
1 i
that crystallize from basaltic magma include garnet, 
clinopyroxene and/or orthopyroxene (YODER and TILLEY, 
1962; GREEN and RINGWOOD, 1967'; O'HARA, i968) . "Eclo- 
1 gite fractionation", i.e. high-pressure fractionation of
•  OMNMfe
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garnet and clinopyroxene (O^HARA, 1973) is an effective 
process to change the light/heavy REE ratio in a residual 
liquid without greatly changing the major element com­
position. In order to evaluate an' eclogite fractionation
model first note that the' partition coefficients of Nd
»
between clinopyroxene and liquid and garnet and liquid 
>  are very similar (see table 3.8) and about .09'. Solving 
the Rayleigh fractionation model equation -for the observed 
concentration ratio in groups 3 and 1 basaltic'rocks 
(i.e. 2.43; see table 3.9) with D = .09, one obtains 
P = .38. This amount of eclogite fractionation con­
strains the range of Yb bulk partition coefficient to 
bulk solid/liquid * 1*2; hence’, with the Yb partition 
coefficients of 'g'arnet and'clinopyroxene (table 3.8),
. garnet must comprise approximately 25% of the cumulate 
assemblage in order to keep,the Yb bulk solid/liquid 
partition coefficient - 1.2 (see also fig. 3,30).
However, elements such as Sc| Cr and Co ar,e strongly 
partitioned into garnet and clinopyroxene', so eclogite"1 
fractionation rapidly depletes a residual liquid in 
these,elements• (GAS.T, 1968; FREY et al., 1974; BLANQHARD, 
et al.,- 1976) . Co abundances are similar, and there are 
no very large depletions of Sc and Cr in group 3 samples' 
parental composition relative to thgt of group11 (table 
3.9). The approximately 60% fractionation of garnet and 
clinopyroxene, required by the REE calculations to
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explain the Nd (group 3)/Nd (group 1) ratio, would
almost completely deplete a residual liquid in-Sc,
<
Cr and Co (see fig. 3.31), Consequently, it is con­
cluded that fractional- crystallization at high pressures 
could generate-REE distribution pattern variations 
similar to those observed for the analyzed samples', 
but compatible trace element (Sc, Co, Cr) concentrations 
are not consistent with this model.
to.3) Partial Melting of Upper Mantle Peridotite 
Upper mantle processes us'ed to explain the genesis 
of basaltic magmas include batch melting (PRESNALL,
1969) , fractional (and incremental) melting'(BOWEN,
1928; PRESNALL, 1969) , continuous melting (LANGMUIR et
al., 1977), zone refining (HARRIS, 1974) and the gen-*./
*
eration of source heterogeneities (O'NIONS and PANKHURST,
■f
1974 ; BOUGAULT et al., 1979) . ..These processes have been 
employed to eluc£date the genetic relation^ between 
alkali basalts and LILE-depleted tholeiites^GAST, :
1968) and among chronologically/geographically/techn­
ically ^related basalts displaying different degrees
V  r '
of -LILE enrichment/depletion (SCHILLING and WINCHESTER, 
1969 ; SCHILLING, 1975; SCHIMIZU and ARCULUS, 1-975;
SMEWING and POTTS, 1976; LANGMUIR et al., 1978; WOOD,
1979; WOOD et al., 1979a,b; JAHN et al., 1980; THtDMPSON 
et al., 1980) and also to characterize the composition
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of the source regions from which these basalts are 
derived (e.g. SUN and HANSON, 1975a,b; FREY'et al.,
' 1978) .
In the following subsections I will present the 
various models which have been called upon to explain 
chemical variations in basalts, and evaluate their 
utility for explaining the Iberian Pyrite Belt dafa.
i) Batch partial melting
This model assumes that the melt remains in contact
with the residue until melting is completed, and then
the melt is extracted all at once. It is possible to
generate complex relationships between the degree of
light-REE enrichment and heavy-REE abundances by batch
partial melting of a peridotite containing a phase (S)
that preferentially enriches heavy-REE, for example /
garnet. Moreover, if the mantle source for Iberian
Pyrite Belt basalts had a chondritic REE pattern, then
/
only residual garnet and to a lesser extent residual 
clinopyroxene have large-enough mineral/melt distribution 
coefficients to produce the strongly fraotionated REE 
pattelps of group 3 alkali basaltic rocks (see KAY and 
GAST, 19")^ ) ( Figure 3.32 models non-modal batch melting 
of a garnet Vherzolite source with initial REE abundances 
equal to 2X cKhndritic (see /HASKIN'et al., 1966; 1968; 
GAST, 1968). An approximately 1% equilibrium partial
¥
i m Im w M u k
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FIGURE 3.32 REE abundances in model liquids com­
pared to Iberian Pyri-te Belt basaltic 
rocks (G-l, G-2, correspond to 
groups 1, 2 and 3 respectively). 
Pyrite Belt basalts are approximated 
by equilibrium partial melts of gar­
net peridotite (initial wt. % pro­
portions are 50% olivine, 25% ortho­
pyroxene, 20% clinopyroxene and 5% 
garnet, and melt is 10% olivine, 10% 
orthopyroxene, 40% clinopyroxene and 
40% garnet). Note that group 1 
tholeiitic liquids coexist with 
-3% residual garnet.
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melt of this source has La/Yb similar to that of "primi­
tive" group 3 basaltic rocks whereas an-6% equilibrium 
melt has La/Yb equal to“that of average group* 1 doleritic 
rocks parental composition. Therefore, the^dncreasing 
degree ojf light-REE/heavy-REE fractionation from group 
1 tholeiitic type rocks to the group 3 alkali basalts can 
be modelled by varying degrees of equilibrium melting 
(~J.% - group 3; -4% - group 2; -6% - group 1) of a
homogeneous garnet lherzolite source. There are, however,
* ...
several arguments whi.ch militate against a chondritic 
* ,
source for the Pyrite Belt basalts.
1. Experimental studies (GREEN, 1971; 1972) have
* <?
concluded that tholeiitic basalts do not form in equili­
brium with garnet.
2. Relative abundances oi incompatible elements,'
other than REE: for example.,-if Zr relative source
* ✓
abundance would also follow tfTe REE relative abundance
pattern, a possibility enhanced by data on figure 3.20c,
L
then, according to the chondritic source model Zr (group 
3)/Zr^(group 1) - 7 , clearly in contrast with the observed' 
ratio pf - 2 .
3. Transition metal, abundances: the distribution
coefficients which would be necessary to produce the , 
transition metal patterns shown in figure * 3.22, from a 
chondritic source, are far outside the range of measured
S//1 values in the most abundant mantle minerals (see also
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LANGMUIR et al., 1977).
Partial melting of mantle peridotites with relative 
light-REE enrichment have also been used to successfully 
mode.l mantle source composition of basalts from both-
9
continental and oceanic environments (SUN and HANSON,
*
1975b; FREY et al., 1978; WHITE and SCHILLING, 1978 ; 
S H I B A T A  et al., 1979)/ For example, 20% melting (residue 
of" 66.3% olivine, 28.5% orthopyroxene, and 5.2% clino- 
pyroxene) of the light-REE enriched source shown in. 
figure 3.33 will yield a liquid with REE abundances 
equal to that of average group 1 parental dolerites 
and 5% melting (residue of 57.1% olivine, 25.0% ortho- 
pyrox'ene, 13.4% cilnopyroxene, and 4.5% garnet) yields 
a model liqui'd with La/Yb ratio similar to those of group 
3 alkali basaltic rocks. Thus, these calculations in- 
dicate that it is possible to d er i ve fr om a common 
mantle source, tholeli'tic and alkali basaltic magmas 
with REE distribution patterns similar to those of the 
Pyrite Belt basalts.
Batch partial melting cannot account for all the 
data, however, because of the very large incompatible 
trace element- ratio Variations among the analyzed 
samples (fig. 3.34; see also table 3.7, figs. 3.20a and 
3.25; compare'ERLANK and KABLE, 1976; LANGMUIR et al., 
1977; PEARCE and NORRY, 1979; WOOD et al., 1979a,b), 
unless accessory minerals (e.g. apatite, ilmenite,
A
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FIGURE 3.33 REE abundances in model liquids compared 
to the Pyrite Belt basaltic rocks. Co 
indicates REE abundances in a peridotite 
• mantle source {,54 .5% olivine + 24% 
orthopyroxene +_ 15% clinopyroxene +
6.5% garnet)v that can yield group 1 
basaltic rocks by 20% melting. Up to 
14.45% melting, the melt is 5% -olivine 
+.5% orthopyroxene + 45% clinopyroxene 
+ 45% garnet; after 14.45% melting, 
the melt is 5% olivine + 5% orthopyro­
xene + 90% clinopyroxene. In these 
models group 3 liquids are in equilibrium 
with 4.5% residual garnet whereas the 
model group 1 tholeiites are in equili­
brium with 66.3%? olivine + 28.5% 
orthopyroxene + 5.2% clinopyroxene.
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■FIGURE 3.34, Chondrite-normalized Nb-P-Zr-Y patterns 
of selected Pyri€e Belt basaltic^ rocks. 
(P normalizing value = 46; WOOD et al., 
197 9a)..
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rutile) are included in the, residual mantle assemblage.
If apatite was a minor phase in 'the mantle during melting, 
it would control the light-REE content of the melt, as 
apatite has vei^ - large solid-liquid distribution 
coefficients for the light-REE (NAGASAWA, 1970) , whereas 
the other presumed mantle minerals have bulk distribution 
coefficients less than .1., Thus, if there was apatite in 
the residue, Po0c concentrations of the melts would be .Z D
essentially independent of the extent of melting, 
because P is a stoichiometric element in apatite (HANSON 
and LANGMUIR, 1978) , but (for example) Ce concentrations 
would be inversely proportional to the extent of melting 
and percent of apatite present (SUN and HANSON, 1975a,b).
t
However, figiire’ 3.'20b shows that P205 and Ce are roughly 
covariant for the analyzed samples, indicating that 
apatite is not a mineral phase in the residue a'tsigthe time 
of magma segregatiori. Similarly, increasing Mb contents 
and decreasing Zr/Nb ratios from group 1 (tholeiitic) . 
to group 3 (alkalic) samples would also provide arguments 
against the presence of residual rutile- and/or ilmenite 
(McCALLUM and CHARETTE, 1978). Thus, accessory minerals 
are probably not important and La, Ce, Nd, P, and Nb 
appear to behave a's incompatible elements whose ratios 
are not likely to have been significantly modified, 
during batch partial melting, relative to those of their 
mantle source.
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ii) Fractional, incremental and continuous melting 
The incremental melting model assumes that the
 ^r
mantle is melted a certain amount--and the melt is 
extracted; then the residue is remelted, and so forth. 
Fractional melting is the limiting case for incremental 
melting, i.e. incremental melting, becomes fractional 
melting when the size of the melting increments are 
infinitesiraally small (SHAW, 1970).
*
The main difficulty with most fractional and
incremental melting models is that the distribution
coefficients for several incompatible elements are so '
low that almost all of these' elements will be removed
from the mantle after the first melt and, in consequence,
the residue becomes so rapidly depleted in these
. elements that liquids with observed basaltic trace
element abundaf?ces cannot be .derived from the residue
of ev^en'very low percent partial melting of realistic
mantle sources. Nevertheless, an incremental partial
melting process in which a portion of the generated
liquid always remains in equilibrium with the residue,
✓
as melting proceeds (an hypothesis that is consistent
with both petrographic observations (DICK, 1977) and with
1 J
geophysical constraints (TURCOTTE and AHREN/ 1978)),, 
prevents the residue from becoming so rapidly depleted in 
the incompatible elements. LANGMUIR et al. (1977) have 
used successfully this process (which they term con-
E
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FIGURE 3'. 35. Dynamic melting model of a light-REE en­
riched garnet-lherzolite source (05) 
that yields Pyrite Belt group 3 basalts 
parental REE abundances by 10% batch 
partial melting. The REE pattern of 
group 1 "par'ental" dolerites can be 
■ generated by the second 3% melting 
increment if 3-% basaltic liguitt 
rejnains in the residue.
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tinuous melting) in conjunction with batch Smelting (i.e. 
a dynamic melting model) to explain the variation in the 
REE in primitive basalts from the FAMOUS area.
Figure 3.35^models’ dynamic melting of a light-REE 
enriched garnet Iherzoli.te mantle source (qq) that yields 
the Pyrite Belt g^oup 3 basalts parental REE distribution 
pattern by 10% batch partial melting. ’A.s shown in figure 
3.35, a liquid with similar REE abundances to the "primi­
tive" group 1 dolerites.. can be generated by the second 
3% melting increment of'the residue of the initial 
source, after 10% batch melting (i..e. group 3 melting 
event) , if 3% basaltic liquid remains in the -residue 
(dashed line in fi'g. 3.35). As for the aase presented 
here, this melting model has shown considerable ver-t '
satility to explain the relationships among basalts 
showing different degrees .of incompatible trace element
i
enrichment/depletion elsewhere (WOOD, 1979;' THOMPSON et
al.> 1980). However, it Is not consistent with the field
relations as observed for the Pyrite Belt, because the 
✓  \
most Incompatible element enriched basaltic rocks are
concentrated towards the top of the volcanic sequence. '
*
Dynamic partial melting (as well as fractional or incre-r
mental melting) should produce progressively more
❖ * '
depleted basalts and thus, if repeated melting from one 
source occurred in the Pyrite Belt, fractional, ’incre­
mental or dynamic partial melting seem unlikely.
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FIGURE 3.36. Zone Refining: REE .patterns from
zone refining of a chondritic mantle 
source (Co) (containing 55% olivine 
+ 25% orthopyroxene,+ 17% clinopyro­
xene + 3% garnet) compared to the 
REE patterns of the Pyrite Belt 
mafic rocks. N is the number of 
volumes of undepleted mantle 'equal 
in volume to the melt which the melt 
has equilibrated with.
ia>
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iii) Zone refining '''■
During zone refining a melt successively equili- ' 
brates with segments of mantle without any additional 
melt being gained (HARRIS, 1974), and incompatible 
elements become enriched, depending on the number of 
mantle segments the liquid equilibrates with (HANSON, 
1977; see also fig. 3.36). Thus, zone refining may play 
some role in the variation of incompatible trace element 
abundances, but this process .cannot account for the 
crossing REE patterns as shown by the Pyrite Belt 
basaltic rocks (fig. 3.36) because zone refining 
requires increasing ligh.t-REE enrichment with increasing 
heavy-REE abundance (HANSON, 1977; LANGMUIR et al.,
1977) . . ' • ’ v. ■ ‘ •
iy) Source heterogeneities 
. Trace element and isotopic studies of basalts- (GAST, 
1968; KESSON, 1973; SCHILLING, 1973; .1975; O'N^ONS and 
PANKHURST, 1974; 1976; SUN and HANSON, 1975a,b; O'NIONS 
et al., 1977; TATSUMOTO, 1978; SUN et al.,-1979; WOOD et 
al., 1979a,b) as well as the inspection of ultfamafic 
•nodules and rocks of presumed mantle origin (VARNE and 
GRAHAM, 1971; FREY and‘GREEN, 1974; FREY and MASON,
1978; BOETTCHER and O'NEIL, 19 80; IRVING, 19 80; WASS„
and RODGERS, 1980) indicate that chemical heterogeneities
<> »
on various scales, are very common in both subcontinental
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and suboceanic mantle.
From the above discussion of the various mantle
processes and their effects 'on the-trace elements in
basalts, it seems difficult to produce the observed
variations if all the basaltic rocks were derived from
a homogeneous mantle source. Therefore, it is suggested
that the^ variations in some trace element ratios were 
>
(at least in .part) inherited from the mantle source.
This means that within the Iberian- Pyrite Belt basaltic
liqui.ds derived .from different sources were once available
to' be either injected as sills and/or erupted as lavas.
* ' > 
The following discussion is a preliminary attempt to
characterize and contrast the .trace element geochemistry
of the main basaltic rock groups' mantle sources and to
investigate the mechanisms responsible for their chemical
variability.
c) Estimates of Mantle Source Compositions
Quantitative calculation of the composition of the
source regions from which basaltic rocks are derived
A
requires- previous knowledge of ^veral parameters 
(mineral/liquid distribution coefficients; phase *
mineralogy of the residual source; degree of partial
• • i t ^
melting; primary magma composition) and, in consequence,
model calculations based only on geochemical data cannot
i
give a-unique solution. Nevertheless, recent advances 
in experimental studies of phase relations of basalts
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and their potential source rocks (GREEN and IRINGWOOb,
#
1967; GREEN, 1971; 1972; 1973) place significant con­
straints on conditions of partial melting and residual 
mineralogy. If this information is integrated with
tra%e element contents of basalts ,and crystal/melt
*
partition relationships then, by making a limited
% * 
number of reasonable assumptions, it should be possible
to construct consistent models for the genesis of the
spectrum of basaltic rocks and to define their mantle
•source composition on a semi-quantitative basis that
should be useful .for comparative -purposes.
For group 1 basaltic rocks (group 1 dole.rites
plus LML) the average mantle pyrolite of RINGWOOD
(1975),has been used as a reference for P2°5 (*02
\
wt %) source‘concentration (see also SUN et al.,
&
r
1979) (if the slight P2C>5 depletion displayed by group ~
1 "basalts" reflect their source composition then,• €> •, i "
by .using .02 wt. %'P2P5 as a reference,’ calculated F 
,‘^ouldjoe considered as approaching maximum values; 
v for practical purposes the main effect'of this assump­
t i o n  will be to make group 1 "basalts" mantle source 
composition to become more similar to that of group ^ 
basalts); thus, for eadTprimary magma', the P2C>5 contents* 
of pyrolite and liquid define the degree of meltinfcj, 
since"in the absence of accessory residual phases
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(e.g. apatite)-, it may be assumed 'that. ^ 2^5 is'completely 
partitioned into the melt (see FREY et al., 19.78).
Solving the batch partial melting equation, which sim­
plifies .to c^/c = 1-/F as D + 0, ’for the range of 
P2O5 concentrations in group 1 dolerites and lower -mafic
lavas, parental compositions (see table 3.9) fix the 
l '
degree of partial melting at 20% cfnd 16.5% respective­
ly. In addition to the degree of melting the equation 
of an equilibrium melting model requires knowledge of 
mineral/liquid partition coefficients (see table 3.8)
1* *
and the proportion of residual mineral phases coexisting 
with a 16.5-20% melt; according to experimental 
petrology generation of tholeiitic/transitional'basalt­
ic magmas requires more than 15% malting of a pyrolitic
t> *
source leaving olivine, orthopyroxerie and minor clino-.
pyroxene in the residual'assemblage (see FRE'tf et al.,
1978). The mineralogy of the residual source(s) has
♦ ,
been estimated as 64.1% olivine, 27.7% orthopyroxene, 
and 8.2% clinopyroxene for lower mafic, lavas and 66.3% 
olivine, 28.5% orthopyroxene, and 5.2% clinopyroxene
' "* * t '
for group l--derlerites, using initial source mineralogy 
and melting modes identical to those -assumed for batch 
melting models in figure 3.33. in 'an equilibrium 
model with these residue modes, the set of REE partition
■ ,  i : #»
coefficients (see table 3-. 8)' requires that the upper
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
jnantl^ \ source have higher. LREE/HREE ratio than chondrites.
Specifically,rthese models require a mantle source(s)
V '
■ for group 1 basaltic rocks parental magma (s.) with
\ ■ .
light-REfe content 3-6x chondrites and heavy-REE content 
\ >
o.f 2-2. 5x\ chondrites (see figs. 3.3 3 and 3.39a);
Calculation of the mantle sburce composition -for 
group 3 bakalts pose's a somewhat more c&raplex problem
I
because -trance elemeij^contents indicate that the sogrce
 ^ _
peridotite for these basdflts must .have been enriched
in P (and o.^her incompatible elements) relative to the
1
sourc'e for gbroup 1 basaltic rocks; consequently, in 
order to compare group 3 basalts source composition with' 
that of group 1 ^asalts" a different technique (inde­
pendent 6f P contents) must be developed to constraint 
melting conditions. ;
In this preliminary model calculation, the mantle
t «
source is assumed to have a mineral composition prior to
melting of olivine-orthopyroxene-clinopyroxene-garnet + .
other accessory phases; KAY and GAST (1973) and SUN and
HANSON (1975-b) composition Of ^ 55% .olivine, ?5% ortho-
pyroxene, 15% clinopyroxene and 5% garnet was used for the
> ’ 
residual mantle after melting and this composition was •
' kept constant in all calculations in order to reduce the
number of variable parameters (see SUN and HANSON, 1975b).
Group 3 samples selected to-constitute the ^ data basis 
^  <5 ' "
for this model- caidulations all have Ni contents highef
mm
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than 100 ppm (table 3.11) but variable amounts of olivine 
(6-13%) were added to their original composition in order 
to ra,ise their Ni concentrations up to values commonly 
accepted to be representative of primary magmas (in this 
case 350 ppm Ni). ^  '
First note that plots of Nb* vs La, La vs Nd, and Ce 
vs Nd data for group 3 alkali basalts are all essentially 
colinear and lie about lines through the origin
displaying slopes which are always higher than the res­
pective chondritic ratios (figs. 3.20a,b). This feature,“ i
when considered in conjunction with data in figure 3.27
bution coefficient, D, and dependent mainly on the extent
data the mantle source must have chondrite normalized
For Sm and Gd vs Nd the data have a somewhat
linear relation (figs. 3.20c,d) but the lines do not
extend through the origin, whereas for the Yb vs Nd
♦
plot (fig. 3.20d) there is more of a grouping of. the data
so that the'"data are no longer controlled only by the 
extent of partial melting and mantle source concen-
(Ni vs Zr), suggests that these elemental (Nb, La, Ce, 
Nd) concentrations are indepehdent of the bulk distri-
of ting,F, and concentration in the mantle
source' (see SUN and HANSON, 1975b) ; according to this
(La/Ce)cn ratio of 1.45 arid (Ce/Nd)cn ratio of 1.51.
suggesting that for Sm, Gd and Yb, D is large enough
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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frations (SUN and HANSON, 1975b). Since the residual 
mineralogy is fixed and bulk solid/liquid partition 
coefficients may be calculated from tabulated data 
(table 3.8) then it is possible to estimate Nd/Sm and 
Sm/Gd ratios in the mantle source by using the following 
technique (see also MINSTER and ALLEGRE, 1978) .
The ratio between the concentration of an incom­
patible trace element, B, and that of a less incompatible 
element, A1, in a melt,, after a given degree of partial 
melting, F, is calculated according to batch melting
equation, as 
'B^CA “ <£/£' • <D,. + U-D4,).F)/(Db + <1-Db).F)O' o
(1)
B
Substitution of cq according to the batch melting equation
and rearranging terms in (1), leads' to 
CB^CA ' - .1/Co ■* (DA' ,+ (1“DA'
' (2)
by eliminating F, equation (2) is rewritten as (fig. 3.37)
“ 1/Oo' . • (DA' - °B • (1-DA .)/(1-DB))-<=i +
B,A' c / o o
(3)
Substitution in equation (3) for appropriate element 
concentrations and bulk solid/liquid distribution coeffi­
cients, calculated from values in tables 3.8 and 3.11, 
allows us to estimate (Nd/Sm)cn and (Sm/Gd)cn in the 
mantle source at about 1.30 and 1.35 respectively (see
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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fig. 3.37>. Assuming 2.50-2,75x chondrites for the 
heavy-REE abundances in the mantle source, (KAY and GAST, 
1973; SUN and HANSON, 1975b), Sm will be about 3.7 
times, Nd 4.8 times, Ce 7.3 times and La 10.5 times 
chondrites in the mantle source for.'group 3 basaltic 
rocks. As shown in figure 3.38, 9% melting of this 
mantle composition will yield a liquid with REE abun­
dances very similar to that of average group 3 parental 
basalts. This value'compares favourably with 7-15% and
.11-15% melting calculated by SUN and HANSON (1975b) and
•’ *
FREY et al. (1978) for Ross Island and Victoria alkali- 
basalts- (see fig. 3.38).
Estimated abundances of-several elements in the 
mantle sources normalized to primordial- mantle values 
(WOOD et al., 1979b) are plotted in figure 3.39a. -The• 
element distribution patterns display considerable 
overlap for the more compatible element€~\Tb to Co)' 
but differ appreciably for very incompatible elements, 
especially Nb, La, Ce and Nd. These ellements have very 
low bulk solid/liquid distribution coefficients for 
realistic residual mantle mineralogies>end, in con--> f
sequence, even allowing for errors during calculations, 
the observed compositiohal variability (exceeding 100% 
for some elements) must be significant in terms of mantle 
source heterogeneity.
*
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FIGURE 3.38. Calculated REE abundances in th.e peri- 
dotite mantle source '('C0 ) th-^ t can 
yield the average parental group 3 
basalts by 9% melting, (residual mantle 
is 55% olivine + 25% ofthopyroxene + 
15% clinopyroxene + 5% garnet). Shown 
for comparison are light- REE enriched 
model mantles inferred for the Ross 
Island iSUN.and HANSON, 1975a)'and 
Victoria (Australia)' (FREY et al., 
1978) alkali-basalts.-
V
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FIGURE 3.39a,. Calculated element abundances in 
Pyrite Belt basalt mantle sources 
normalised to Primordial mantle 
abundances (P-mantle) (WOOD et al., 
1979b). The elements are arranged 
approximately„in increasi-ng order of 
bulk partition coefficients between 
Realistic upper mantle mineral 
assemblages and basaltic melts.
v
FIGURE 3.39b. Attempts to model the trace element 
qompositions of mantle sources con­
sisting of a main (97%|) depleted 
component, similar to tpe source of 
N-type MORB (SUN et al., 1979) veined 
(up to 3%) by an alkaline basic melt 
similar to group 3 parental basaltic 
magma. Note the 'impossibility to 
generate the observed Nb anomalies 
in group 1 dolerites and lower mafic 
lavas mantle source patterns.
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d) Signifigeni^e^o^-^aft^le Source Heterogeneities .— -. . ^
• .There is now a general consensus, based on trace 
. element and isotope data iGAj?T, 1969; SUN and HANSON, 
1975a,b; SUN and JAHN,^ 1975/ DE PAOLO and WASSERBURG, 
1976; O ’NIONS et al., 1977; 1978; RICHARD et al., 1977; 
KAY and HUBBARD, 1978)', that the mantle sources,- for 
Nrtype MORB have a long term history of depletion in.
5 * V
incompatible elements. Mass-balance- calculations
suggest that the sources for' N-MORB probably do not 
/ » *
* f. - * * ~ '
represent .the gross composition of the total mantle 
(<StUN-and NESBITT, 1977). Therefore, some zones of the 
mantle would be less depleted in incompatible elements
*
.than the source for N-MORB and,, in consequence, it has 
. been suggested that they could act as the source for 
enriched MORB -(P-type MORB of SUN et al., 1979) , ocean
<23 #
island and alkali-basalts (GAS!,. 1968;-SCHILLING, 1973;' 
✓
« , ’
SUN and HANSON, 1975a,b)^ ; '
.In contrast with typical N-MORB trace element dis­
tribution patterns which show progressive dep^tion of 
1  ^ . ' 
"the incompatible elements with decreasing .D .(see SUN
et al., 1979; WOOt) et-al., 1979b; fig.’ 3.4Qa .this study)
4 * 
the 1/-M0RB and many alkali basalts display a progressive
I ’
enrichment from the heavy-REB to Nb-Ta (fi'g. 3.40a) and
* • *
* *’ * *
depletion for those elements more incompatible than
’ ■ *
'Nb-Ta (e.g. Cs, Ky *Ba) . If-’the primitive earth's mantle
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
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had chondritic abundance ratios, for the refractory
lithophile elements (e.g. .Ba, Nb, REE, Ti, Zr) (DE PAOLO 
o ' '  .
and WASSERBURG-, 1976; NESBITT and SUN, 1976; SUN and
NESBITT, 1977) and if the relative abundances of these
elements in P-MORB and alkali basalts 1fig. 3.40a)
are'representative of their source character (as indicated
• by isotope and trace element data), then it follows that 
% 4
these basalts should not be derived from primitive
mantle sources. Available Nd and Sr isotope data for
P^MORB-r-ocean island tholeiites anc? alkali basalts * *
indicate, however, that they have a long term -t^ ime 
integrated light-REE and Rb/Sr depleted (or chondritic) 
sources (O’NIOjfe et al*, 1977; 1978; RICHARD et al.,
1977) ;. consequently, any incompatible trace element 
■enrichment of their mantle sources must have occurred
« r
relatively recently in the earth's history, suggesting, 
that the enrichment/depletion events are the result of 
continuous mantle differentiation processes. Recent 
work on suites of ultramafic nodules erupted in basalts 
- derived from the continental upper mantle (see IRVTNC^ , 
1980; WASS and RODGERS, 1980) suggest that such events 
have involved the extraction of incompatible trace 
element rich silica-ilndersaturated melts (or fluid 
phase) from undepleted (or less depleted) sources, which 
by metasomatism and/or by intruding as veins could cause
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 3.40a,b, Trace element abundances in,basalts 
normalised to primordial mantle 
•abundances. ‘ , t
a)^  MORB + within plate basalts (Wl>B) 
Data sources are: BAKER et al. 
(1977), FREY-et al. (1978), and
^SUM et al. (1979).
b) Island arc + continental margin 
basalts. Data sb'urces are:
EWART and BRYAN (1972), GILL
, (1976b), GORTON (1977), LOPEZ 
ESCOBAR et ali (1§77), WHITFORD 
. et al. (1979) . * ’
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1PXGURE 3.41a, Primordial-mantle normalized trace 
element patterns in some back-arc 
basin basalts (a) compared to 
those from the Iberian Pyrite 
Belt (b). Data sources are:
RIDLEY et al. (1974,), GILL (1976b), 
JOHNSON et al. (1978), SAUNDERS 
and TARNEY (1979).»SAUNDERS et al. 
(1979), this stud^ (Table 3.9).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
* 'X ., - T -v s£»i ^ ^ \ v » ’',CSi’v w*»
* * * ~£\ *_£
« ^ , » -
•* V' k^ >^ V'.'/^  '^X-^-rr’"^T.^ <vVr» ‘
" „ V"-* *.> " / * ^ ‘ “' * s, fr-V''' ^
226
PCw
✓ s
I I-I-J 1— I----- 1 L i i i i i i I I I I 1 I I 1 I L.
&
Hlnm-d/MiKS
> »i i ’111 1 I L t_1
_ *■» 
N
-Jl
X
ha
&
«UttM-<iiM"<S
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
*w.mm'iw
-/*** **v* V^>' *+>
i &
i. '>!r ■ ,.-.■<• k . ir -. ; -">-
22
the ^e-enrichment of depleted, refractory portions of
the surrounding mantle.
Such a process, involving a veined upper mantle
region, in which a refractory host N-type MORB mantle
*
source is permeated by veins of an undersaturated melt,
was invoked by Wj^ OD et al. (19791?) to explain the
r i f  . '
variable source jcpmpositions required bj^the basic
v !
lavas from Iceland and surrounding areas. Although the
mantle source composition for the Pyrite Belt group 3
basalts could be successfully modelled by about 5%
veining of an N-type MORB source with an undersaturated
basic melt, compositionally similar to group 3 parental
magma (see figs. 3.39a,b; compare WOOD et al., 1979b),
it is evident that this process, is not an effective one
to generate the La/Nb fractionation as observed for
group 1 source compositions.
La and Nb are not readily fractionated by partial
0
melting processes.- even by incipient melting. Never- 
theless, island arc tholeiites and some back-arc' basalts 
have very low relative Nb contents and La-Nb fractionation 
has clearly occurred during their genesis (figs. 3.40b; 
3.41a). Current models of magma generation at sub- 
duction zones (RINGWOOD, 19 74; BEST, 197,5; De PAOLO and 
JOHNSON, 1979; KAY, 1980) require chemical alteration of 
the overlying mantle wedge by-addition of small 
proportions of melt and/or fluid phase derived by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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incipient melting and dehydration of the subducting 
lithospheric slab. The apparent decoupling of HFS and *** 
LIL group incompatible elements, which is perhaps 
the' most distinctive feature of island arc basalts 
(see fig. -3.40b), may reflect higher solubilities of 
LILE with consequent entry into fluids - thuS, enriching 
the overlying mantle -, while HFSE are retained in
residual eclogitic assemblages (see ALDERTON et al.,
v/»
1980)-. M*
The tectonic situation of back-arc spreading
hdwever is one where there is also a potential for
involvement of fluids and/or melts from the subducting
/ '
slab. These may affect the magma" generation processes; 
occurrence of back-arc basalts with island arc affinities 
reflects thefir mantle source characteristics, and is
f
mostly probably a geochemical reflection of the sub- 
duction process (see SAUNDERS) and TARNEY, 1979). Their 
geochemical analogies with group 1 basalts from the 
Iberian Pyrite Belt seem evident (see figs. 3.41a,b).
Petrological modelling, as discussed above, suggests 
a complex geochemical evolution for the Pyrite Belt 
basalts source regions, probably reflecting the nature 
of the mantle under an active continental margin com­
bined with complex melting relationships*attending the 
v
initial stages of an attempt for ensialic (back-arc) 
spreading (MUNHA, 1979). During the time span corres-
M. m
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ponding to the deposition of the VS-complex, the Iberian 
Pyrite Belt basalt mantle sources appear to have under­
gone progressive enrichment in Ba(?), Nb, light-REE,
P, Zr and Ti (see fig. 3.41b), possibly resulting from
upper mantle metasomatism induced by volatile-rich
*
nr
melt (or fluid phase); such a phenomena is currently 
recognized as a normal precursor to continental alkali 
basalt volcanism associated with rift zones (WASS,
1980; WASS and RODGERS, 1980).
3.5 GEOCHEMISTRY OF THE INTERMEDIATE ROCKS
The petrology and major-element geochemistry of the 
intermediate rocks in the Iberian Pyrite Belt have been 
described by SALPETEUR (1976), LECOLLE (1977) and 
ROUTHIER et al. (1977). For the present study 38 
andesitic rock samples were selected for major and trace 
element analyses; 6 samples were further analyzed for 
the REE (see Appendix II).
The,studied rock samples were selected to be
9 *. representative of the geochemical variations across.the•
Pyrite Belt; 23 safnples come from CARVALHO's (1976)
v
volcanic lineament D corresponding to the nprthern 
outcrops (group 1) whereas the remaining 15 were collected 
near Almodovar and Pomarao villages and correspond to 
the southern outdrops (group 2) - the distance betwajjn^%
_ " ■ /
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northern and southern sampled outcrops ranges from l||^o
30 km across strike.
The purposes of this section are:
A - to present geochemical data on the Pyrite Belt
.andesitic rocks.
B - to discuss their petrogenetic implications.
C - to test as to what extent the now' available
ft
geochemical data agrees/disagrees with’ current 
t plate tectonic modeli for the' South P<|rtuguese 
Zone.m '
A. Geochemical Data >;
A.1 Major elements 
¥
The content of SiO^ (on an anhydrous basis) in th^
volcanic rocks described here varies within a relatively
narrow range, with the majority of the rocks having
57-64% SiC>2; consequently, according to most systems
of classification they could be referred to as andesites.
The andesitic rocks from-the Iberian Pyrite Belt
show many similarities with comparable volcanffcs from
orogenic-belts. They are characterized by high Al2C>3
contents, but low FeO*" and TiO„ concentrations. The
 ^ «
analyzed volcanics do not show significant Te enrichment
t- t t
and fall on the SiC>2 vs FeO /MgO and FeO vs FeO /MgO
diagrams (figs. 3.42; 3.43) into the field of the calc-
alkaline rock series (MIYASHIRO, 1974). In detail
however, there are differences between the two rock
’V
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FIGURE 3.42 Si02~FeOt/MgO variation diagram for the» T  ________ J__i ' ±- £ — —_ M 1 . ‘
KAWTWM# ^4.WVlJfr. *- • « - * *  w --------- » -
ancdesitic tuff) . , Tholeiftic and calco- 
alkaline,rock series compositional 
fields are after MIYASHIRO (1974).
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FIGURE 3.43.
FeoVMfiO
't
Feo'/MjO
Tio2-FeO /MgG^-and F^ eO -Feb /MgO, variation diagrams for the Pyrite Belt 
andesitic 'rocks. * LML - trend fdr-.the lower mafic lavas. Th/Ca rock w  
series compositional' discriminant' after MIYASHIRO (1974). w
groups and, as it is shown, in f igure-''3T43, group 1 sample 
are enriched in TiC>2 and FeOt relative to those of 
• - group 2.
As it' should be expected, K20 and Na20 contents 
show a considerable variation, nevertheless, as pointed 
out by LECOLLE•(1977), the majority of andesites have 
■ K20 concentrations within the range 1-2.5%, suggesting 
that they belong to the normal calc-alkaline series 
rather than to the high-K calc-alkaline series (e.g.
JAKES and WHITE, 1972).
'A.2 Trace elements.
Highly variable abuhdances of Rb, Ba and Sr reflect 
the consequences of secondary alteration.
The contents of.. Nb, Zr, Y and Sr (considering only
✓
the less altered samples regarding Sr .contents) in the 
analyzed samples, are similar to those of comparable 
rocks from other calc-alkaline series (e.g. JAKES and-. 
WHITE, 1972; WHlSTORD et al., 1979). The^ocks of group 
1 tend to be higher in Zr and Y bub lower ifi Sr than 
those of group 2 (figs. 3.44 and 3.45). Y shows a 
positive correlation with Zr for group 1 samples but 
.apparently decreases with increasing Zr contents for 
group 2 andesitic rocks; Sr concentrations decrease with 
increasing Y contents.
Ni and Cr concentrations decrease with increasing 
.FeOt/MgO values (fig. 3.46);’ however, at low FeOt^MgO
A - *
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P-IGURE ,3 .46 . Ni; Cr and V variations with FeO /MgO 
ratio in andesitic rocks.
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FIGURE 3.47. Chondrite-normaiized REE patterns of 
andesitic rocks from the Iberian Fyrite 
Belt. Shown for comparison is the 
field fo'r- recent-fresh andesites 
(thidk lines), (compiled from various . 
sources in the literature).
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values, rocksybf group 1 have higher Cr and lower Ni 
contents than those-of group 2. A few samples analyzed 
for V suggest a concentration range of 100-225 ppm, very 
similar 'to that reported for other calc-alkaline 
andesites (TAYLOR and WHITE, 1966; TAYLOR et al.,
1969a; JAKES and'WHITE, 1972); group 1 andesites seem 
to be enriched in V relative to those o& group 2 (fig. 
3.46) . . v „ , ' ,
The REE abundances of 6 representative samples of 
the andesitic rocks from the. Iberian Pyrite Belt are 
plotted normalized chonctrites in figure 3.4^ The
r J
REE patterns of group 1 samples show a moderate enrj-ch- 
’ ment in light-REE and only small fractionation - of heavy- 
REE, featureswhich are typical of calc-alkaline rocks of 
island arcs (TAYLOR et al., 1969a; YAJIMA et al.,‘1972;- 
WHITFORD et al., 1979). Andesites of group 2 are 
also enriched in light-REE but have distinctly fraction­
ated heavy-REE. Their' REE distribution patterns are 
>
similar to those of dontinentaL margin andesitic rocks 
(THORPE et al., 1976). Available data suggests that
- * i >
REE abundances correlate with .2r contents.
B. Petrogenesis of the Andesitic Rocks 
Some possible processes which may account for the - 
genesis and tfie observed chemical variations of the 
andesitic rocks in the Iberian Pyrite Belt are now 
evaluated*in the light of the geochemical data. Th^
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models examined were recently reviewed by BOETCHER (1973) 
and RINGWOOD (1974) and include: a) anatexis of sialic
crust; b) fractionation of basaltic magmas at shallow 
levels controlled by olivine, plagioclase, pyroxene and 
magnetite; c) fractionation of basaltic, magma by crys­
tallization of amphibole or partial melting of amphi- 
bolite; d) fractionation- of basaltic magma by crys­
tallization of garnet and clinopyroxene or partial 
melting of eclogite; e) partial melting of hydrous 
upper mantle peridotite.
B.l Anatexis of sialic .crust*
Partial or complete melting of deep crustal sialic
material of appropriate composition has been considered
as a possible origin for the various members of the
calc-alkaline series (TURNER and VERHOOGEN, 1960;
.PICHLER and ZEIL,’ 1972;' FERNANDES et al., “1973; TAYLOR'
- ' 4 " . 
and HALLBERG, 1973). ‘'Xlternativelyy mixing of basalts
with crustai derived acid magmas has been suggested as
a .means of generating, andesitic magmas (e.g.-EICHELBER-r (
W
GER, 1974; 1-975); \ ‘ -
\
c. All- t h e s e  t h e o r i e s  i n v o l v i n g  deyelopmeftt of m a g m a s '
v»t 1 4
from sialic material *are difficult, to.reconcile with the 
occurrence of andesites in island -arcs without pre-'
t , •
existing continental crust (TAYlG r et al., 1969a) and
‘^ witK^the* spatial chemic?al variations in lavas across the
* * ' * " 
arcs and theiir -relationships with subduction zones
v •> ' t» *
■ ‘ A  ' ^ ' L  ■ ■ \
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(HATHERTON and DICKINSON, 1969). In addition, there is
4
no field or petrographic evidence for magma mixing in 
the Pyrite Belt and available geochemical data is not 
appropriate for evaluating this model. Therefore, this 
hypothesis will not be discussed further.
B.2 ‘Crystal fractionation of basaltic magma at 
shallow levels 
Low pressure crystal fra.ptionat.ion involving 
olivine, plagioclase, pyroxene and magnetite has been 
proposed as an important process in deriving andesite 
from a more primitive basalt magma (OSBORNE, 1969) .
Such an .origin was' also suggested by LECOLLE (1977) for
the andesitic rocks in the Iberian Pyrite Belt.
*
"Clinopyxoxene and whole rock chemical variation
.diagramsv ,(e,g» figs. 3'.8; 3.43) show, however, that
basalt and andesite- crystallization trends diverge
Considerably; also., high Ni, Cr and V values observed
%
• invsome,-andesites, precludes an origin ,by low pressure 
fractionation of basalt involving extensive crystalli­
zation of Olivine, pyroxene and magnetite (TAYLOR et al.,
1969b). furthermore, the geochemical differences
* . s
between 'the two.-andesitic rock groups described here 
•* ' *
-render such a process unlikely for the genesis o'f the 
suite as a whole. I therefore conclude that andesites
‘f
s '  *  *
are not' derived by" low pressure fractionation of basalts 
such as those occurring in the' Iberian Pyrite Belt. It
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is possible, however, that some of the within group 
chemical variation might reflect modification by low 
pressure fractionation involving clinopyroxene, plagio- 
clase and, probably, olivine and magnetite (see figs.
3.43; 3.45; 3.46).
B.3 Amphibole controlled fractionation .v
Because of their low SiC^ content, the liquidus
amphiboles formed in hydrous basaltic systems have been
interpreted as an important fractionating phase in the
% t 
generation of calc-alkaline andesites (GREEN and RING-
WOOD, 1968; CAWTHORN and O'HARA, 1976). The converse
process - partial melting of amphibolite - also yields
andesitic magma. Typically, models incorporating
amphibole as a residual phase, involve partial malting
(>30-40% melting) of subducted ocean floor tholeiite in
an amphibolite mineralogy (GREEN^and RINGWOOD, 196 8;
/ i
HOLLOWAY and '.BURNHAM, 1972; see also BOETCHER,'1973; 
RINGWOOD, 1974). At such high degrees of-melting the .
% !
relative. REE abundances of the liquid approach those of 
the source rock, if solid/liquid REE distribution 
coefficients are <1 (see ARTH, 1976), and, in consequence, 
it is not possible to generate the light-REE fractionation 
that is typical of Iberian Pyrite Belt andesitesfljfrom, 
light-REE depleted ocean floor tholeiite in amptif§Dolite
S'-
mineralogy (fig. 3.48a) (see also THORPE et al.,- 1976; 
DOSTAL et al.,. 1977; LOPEZ ESCOBAR et al., 19 77) . I n  <
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FIGURE 3.48A. Chondrite-normalized. REE contents of 
melts produced by<l40% melting of oceanic 
tholeiites (sample 4§2/ll, SUN et al., 
1979) in amphibolite (residual assem­
blage: 70% amphibole + 4% clinopyroxene 
+ ‘16% plagioclase + 10% quartz; DOSTAL 
et al., 1977) and eclogite (residual 
mineralogy: 52% clinopyroxene + 22% 
garnet + 26% quartz) facies, using 
partition coefficients of ARTH (19*76) 
and LOPEZ ESCOBAR et al., 1977.
FIGURE 3.48B. Chondrite-normalized REE contents of 
melt produced by 40% melting of 
 ^"primitive" group 1 Pyrite Belt 
basaltic rocks in amphibolite facies. 
Hatched areag corresponds to group 1' 
andesites compositional field.
|\ !•
4 I
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addition to limited light-REE fractionation, amphibolite 
melting does not explain the lo.w heavy-REE abundances 
in^group 2 andesites (fig. 3.47) relative to ocean floor
# V
tholeii.te. It is therefore concluded that partial 
melting of subducted ocean floor tholeiite in amphi­
bolite facies mineralogy do-not account for the relative 
REE abundances of the Iberian Pyrite Belt andesites.
An alternative model is to- consider a light-REE 
, enriched basaltic source. Consider, for example, that 
a proportion of the baf'saltic magmas, extruded arid/or 
intruded at shallow le.vels into the Pyrite Belt sedi­
mentary sequence, also remained jLn the lower parts of the 
crust and was metamorphosed to the amphibolite facies; 
thus, s-ubsequent heating of this amphibolite, due to 
renewed volcanic activity may result in partial melting 
taking place. Assuming.that the REE composition of such 
an underplated, basaltic material is similar to "primitive" 
,, group 1 dolerites (table 3.9) , the partial fusion model 
of REE for the.amphibolite facies assemblage is shown in
y
figure 3.48b. It indicates that this process can account 
for the observed abundances of. REE in the Pyrite Belt 
group 1 andesitic .rocks; calculated TiC^ (.8%) concen- 5 
tration also appears to be consistent with this model . 
while relatively low estimates for Zr (80-100 ppm cal­
culated vs 115-160 ppm observed) and Y (13-18 ppm cal- 
""culated vs 28-33 ppm observed) abundances could probably
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
be improved by allowing some degree of fractional crys­
tallization to take place after melting. In contrast, 
the range of crystal/andesitic melt distribution 
coefficient values compiled by GILL (1978) for transi­
tion metals are so high that', unless almost total fusion 
is involved, this melting mechanism does not explain the 
high Cr and V contents of the rocks even if an uncer­
tainty in the composition of the source is taken in 
consideration. Similar arguments could also be used 
against the derivation of the andesitic rocks by
fractional crystallization of low-silica amphibole from
&
tholeiitic basalts.
B.4 Eclogite controlled fractionation
, As summarized by fiOBLE et al. (1975), "recent studies
have cast serious doubt on the assumption that andesite
and related rocks ’of the calc-alkaline suite are
largely unmodified products of high-pressure partial
melting of subducted ocean floor basalt (eclogite)".
Several of the arguments invoked against amphibolite
(ocean floor basalt composition) melting are equally
applicable to ocean floor' basalt transformed to1 eclogite
(GILL, '1974; STERN, 1974; THORPE et al., I976;,DOSTAL
et al., 1977; LOPEZ ESCOBAR et*al., 19 77; see also
fig. 3.48a) . Likewise, the available trace element
t t
dat;a,are not compatible with andesite generation by 
eclogite fractionation of ocean floor tholeiite. It is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
thus highly improbable that the parent magmas of
andesites, there included those occurring in the Pyrite
Belt, we’re directly derived from subducted ocean floor
basalt. Nevertheless, the high Sr contents of group 2
andesites would reflect segregation at sufficient depth
s
so that plagioclase was not a stable residual phase and
\
the high La/Yb ratios and low Y contents would suggest 
the presence of garnet in the residue. In contrast, as 
garnet is the only major rock forming mineral which 
preferentially retains the heavy-REE relative to an 
equilibrium melt, the flat heavy-REE patterns of the rocks 
of group 1 indicate that garnet did not play a significant 
role/in the petrogenesis of these rocks.
, B.5 Partial melting of hydrous upper mantle 
• peridotite
The strong objections to the amphibolite/eclogite 
melting models indicate that the .ultimate origin of 
calc-alkaline lavas myst be within the mantle. Recent 
experimental evidence suggests that melting of hydrous 
.niantle c c ^ d  play, a n ‘important role in the genesis of 
andesitic magmas (KUSHIRO et al., 1972; MYSEN et al.,
1974; NICHOLLS, 1974; MYSEN and BOETCHER, 1975b).
t ,
Magmatic liquids equilibrated with upper mantle peri- — - - 
dotite. should be expected however, to have higher contents
of^transition metals (particularly Ni and Cr) than those
t >
observed in the andesite volcanics from the Iberian
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Pyrite Belt; thus,- it is probable that partial melting - 
was followed by fractional crystallization of olivine 
and pyroxene as suggested by NICHOLLS and RINGWOOD (1973).
Derivation of andesites with the trace element 
abundances described earlier, from mantle peridotite 
with a (x2-3) chondritic trace element pattern fsee 
GAST, 1968; HASKIN et al., 1966 ; 19<68) raises a problem 
analogous to that pf derivation frotn an ocean floor 
tholeiite basaltic source, i.e.' very low 'degrees of
melting (<3%) would be required_to produce the observed
*
abundances of LILE, while several refractory phases 
would have to be involved to explain the Nb, P2° 5 '
**' r
Ti02 and Zr.contents of the andesitic rocks. Therefore, 
rather than propose a very low degree of partial melting,
I prefer to consider the evidence obtained from the -
om i.
basaltic rocks geochemical data and, accordingly, suggest 
that the andesites may be also products of partial 
melting of LILE enriched upper mantle1 peridotite. For
t.
example, if allowance is made for magmas to1segregate 
at different depths (i.e. above and below garnet stabi- 
lity field, respectively) then (see fig. 3.49) 8-10%
melting of the light-REE enriched group 1 basaltic rocks
&
mantle sourced H.O will yield liquid^ with REE dis-
i ,"" <■t -»fF
tribution patterns similar' to those of andesitic
volcanics. As already discussed in relation to the
£
petrogenesis of the Pyrite Belt basaltic rocks, a
f*
-1
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FIGURE 3.4 9
i-
Chondrite-normalized REE contents of 
melts produced by partial melting of 
amphibole-rperidotite (group 1) and « 
garnet-bea'ringj amphibole-peridotite 
(group 2) compared to those of average 
cj^oup ^ and- group 2 Pyrite Belt 'ande­
sitic rocks. The &EE content of upper 
' mantle peridotite was taken as that 
of. the light-REE enriched group 1 
” basaltic racks mantle source.- Resi­
dual mineralogies after melting are; 
-for group 1 soiirce: 60% blivine + 20%
•orthopyroxene + 10% clinopyroxene +
* 10% amphibole’; for group 2 source; "Y. 
50% olivine + 20£ or;thopyroxene +
10% clinopyroxene + 14% amphibole +
6% garnet. Partition coefficients of 
table 3.8.
r
o
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plausible mechanism for generating an enriched source in ' ** *
otogenic regions is contamination of overlying peridotite
by melts and/or fluid bflase derived from the downgoing
oceanic plate. Howeve^, there is an'additional geo-
chemical complexity for andesitic rocks, because com-'
pared to basalts they typically contain significantly
lower abundances .of'T-i,. Enhanced stability of Ti-.
‘ ' . 1 t t
amphibole, due to high a' A conditions cpuld, however,
, * . . .  
reconcile this apparent discrepancy.; indeed, the
characteristic decrease^of Ti0o with increasing FeO /
. ‘ ^  x  ' " y •
MgO in calc-alkaline suites (MIYASHIRO and &HIDO, . -
1975) is a strong-indication tha't calc-alkaline liquids -'
✓ * *
are commonly saturated with a TiO^-rich, phase.
* * * 4 ' * 4
From ^perimental studies on the melting relation^, 
’of- hydrous peridotite, MYSJEN^ahd BOETCHER (1975a,b)
• t *
concluded that it wbtilcl be possible to produce almost 
any liquid composition, from andesite to olivine
N
* r
nephelinite, by partial melting of mantlfe peridotite 
given the -appropriate starting material- composition,
' *> ‘ ' % v ' ™ » -* " - '* 
temperature*, pressure r - ' i f Q v *fH 0 and They
* " , 1 * '* -/ 2 - 2 . 2  ■ 2 ■ ' ■ 
also provide., evidence 'regarding the .importance of the .
 ^ 4 '* - J ♦. '
• ■* * V  *
role played by -H„0^n.:controlling the degree d*f 'StOj- ^
■ ’ ; i A* • ,5‘. P
saturation of the resulting partial melts-; accordingly,
■ i 1 1 *) ' • ,t » .
liquids, formed by anatexij^of mantle ..pe^ do„tite^ , ane.^
"  < < ‘ '' V*' ’ S
andesitic under, conditijwiS'*-of" XHJ. 0 >< s(to ^ t  leasv
^  ’’ ' * * :  ' '
’ aS$*kb5 , become "olivine-orthopyroxene normative with
, j. ■ V  '* " '
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H n < .5-and contain.normative nepheline at X„' < .4,.. ■ * « h 2o
Andesites ,and group 1 basaltic rocks in the 
Iberian pyrite Belt are closely related in,space and time;' 
they, also exhibit similar, anomalous, low concentrations 
of sortie incompatible elements'^ (e.g. Nb) and REE data 
suggests that thdy cpuld be d e M v e d  f^>m a similar mantle
source. Thus, although apparently related fropi the
• , . '
j.point of view of their genesis, fractional' crystalli­
zation hardly the mechanism that relates them.
An .alternative hypothesis, within the* framework of “
MYSEN and BOETCHER (1975a,b) 'model, would be to. derive ^ 
the andesitic magmas as tjje initial H20-rich peridotite
i
melt fraction while lowering of 'a„ for example by
H2°
increasing the degree of melting, would result "in
<i » '  v
basaltic liquids. Such andesite and basalt will exhibit
*
close similarity in the geochemic.al parameters listed
above. * ,
*■» ,
CV ‘Geochemical Constraints^Regarding Plate Tectonic
Models for the South Pcfrtugugse•Zone; Di-Scussion
/Plate tectonic modelling on the Iberian Variscan
' v' \  •* * p ,.j
chain x(CARVALHO/ 19*72; *197sf; BARD, 1971; BARD*et al.,
' ’, 1 * .
1973;* VEGAS and MUNOZ-, 1976) ‘ interpreted,' with minor.
>• . S '  * f
variants, tfhe tectonic ’and volcahic features of the 
* * - *
*  *  .  '•
South-Poirtuguese Zone as ohar'a'cteristic of destructive 
plate margins. Specifically, VEGAS and, MUNOZ (1976)
* - # v *
equated the Iberian Pyri'te Belt volcanism with the
% * ' , * * b
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pinitial 'evolutionary stages of an is-land arc whereas,
'X-* * f 
CARVALHO (1972; 1976) used an "Andean type" model,
* •
(MITCHELL and-READING, 196 9) and interpreted the
volcanic space-time relations in terms of a northward
dipping subduction zone underlying an Hercynian con-
/ ✓
tinental margin lying somewhere south ofv the Pyrite
' i  *
Belt. 'Notwithstanding this, almost no petrological 
data were Available to tnhse authors to support their 
inferences.
■ * &  ^
Modern volcanic rocks of the calc-alkaline series
occur characteristically, but not exclusively (see 
HANSON and Al-SHAIEB, ^1980), in island arcs and along 
continental margins that overlie subduction zones 
(MIYASHIRO, 1974). The most common volcanic rock
e
type in most of these orogenic Ibelts’ is andesite.
» ,
.A zonal arrangement in the petrography and geo- 
.»
. ° Sf1
chemistry of island arc volcanip rocks has been recog-
nized for many years, particularly in the circum Pacific
0 ~ - '
* arcs'. K-UNO (1959) , KATSUI (1959) an$ -5UGIMURA (19 59)
were t h e tfirst to observe a correlation between the %
- composition of lavas erupted in island arcs .and the-
depth.to uncferlying ’earthquake foci, arid HATHERTON and
DICKINSON (1969>, -DICKINSON (1975) and HUTCHINSON (1975r
> * .
197.6) , showed that iru.many island arcs and'active
' ' * ‘ -
continental margins, the variation in the Rb, Sr and K 
content of the erupted lavas could be correlated with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the depth to the Behioff zone. ‘Comprehensive recent
k surveys of -the geochemical variations across island arcs
and active continental margins include those of GILL and
GORTON (1973), LEFEVRE (1973), DOSTAL et al. (1977), ”
and J4HITF0RD et a*l * (1979) .' Particularly significant
to the present study are.- the increases in Sr contents
* ♦ 
and La/Yb ratios and decreases i n ‘Y .and heavy-REE
■ ' * v
concentrations and maximum Fa contents of the lavas, '
with increasing depth to the Benioff zone.
' 1 ‘ - ' '
If the spatial chemical variations in,. 1-avas across
'SWF
modern arcs and their relationship ,'with subduction
zones are extrapolated to interpret the tectonic .setting
m  the South Portuguese Zone then,± from the geochemical
data discussed above (figs. 3.43; ,/3r44; 3,. 45 ; ' 3. 47) ,
it Is cle^r that the (presumable) .jsubduction zone
polarity should have been reversed relati've. to that
proposed by most plate tectonic models. A south- 
* , «
dipping'subduction zone has been suggested by BERNARD 
and SOLER (1974) but this model conflicts with several
• ' b
• v r-
Well established geological data (see SCHERMERHORN,
1975b for ^'detailed discussion.) and, in consequence,
O  - '
it is not considered as a plausible tectonic.model for
the Sguth Portuguese Zone. In .addition ,t the geochemical
■features o f  the’basaltic i^jcks, which are contemporaneous
With andesites in the Pyrite 6e"ltclearly differ from
what- is typical for calc—alkaline and tholeii^tic basalts
%  ,  4
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occurring in island arcs and active continental margins
v *
being similar to those which 'characterize t s.ome back-arc 
basin and within-plate basalts. Thus, it^seems difficult 
to reconcile - the petrological data with prate tectqnic 
models proposing simple direct relationships between
A. w
subduction and volcanism.
, ' - - , £,
The geochemistry of the Iberian'Pyrite1 Belt inter-
*
mediate ‘rocks is not consistent with single stage models 
suggested for the origin "of andesitic rocks such as
simple melting of typical ocean ridge basalts or of
' ‘
peridotite believed to be representative of the' upper
mantle (x2 chondritic). The volcanics are enriched in,
LILE in comparison with the calculated melts. Thus, the
high-LILE ‘contents in andesitic rocks pf the Iberian ' 
r o ,
Pyrite Belt may suggest their derivation from an enriched
source. ‘Model calculations and experimental', data indi-A
cate- that a suitable source for andesites could be'the
* *
hydrous equivalent to upper mantle peridotite source of 
contemporaneous group 1 basaltic rocks. Interestingly' 
enough, these basalts also share some geochenjical 
features with -orogenic lavas (e.g. Very -high jLa/Nb 
ratios^ although.still showing fundamental differences
i ^
* *
relative to calc-alkaline and low-K tholeiite series of
*l ^  * - f 
1 active continental margins and i-sland'arcs. Rodk
, ' Uj&t *■s- ' m ‘ #
suites displaying these complex chemical characteristics
/ seem to be typioal of tjie initial -stages of back-arc
I , * 9 ’
! a
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spreading (see GILL, '1976b; WEAVER et^al., 197§) and 
presumably reflect, the progressive -return of sub-arc 
(or subcontinental m a ^ i n )  mantle to physical and •
chemical- conditions unaffected by subduction. Within such 
an environment, fluids derived from the dehydrating 
subducted slab may penetrate locally the source regions 
of the back-arc basalts producing the necessary condi- 
tions for andesitic magma- generation. Clearly, the '
+ I
simple models proposed so far will need critical
\  .
evaluation as more geological data becomes available.
3.6 GEOCHEMISTRY OF THE FELSJ^C ROCKS
in terms of relative volume of erupted magma, the 
felsic rocks are greatly'dominant and constitute more 
than 70% of the outcropping volcanic areas in the Iber-
9 i
ian Pyrite Belt. Their major element geochemistry
has been described by several, previous studies^(STRAUSS,
1965; RAMBAUD, 1969; SOLER,*1969; 1973; BALPETEUR,
1976; SCHERMERHORN, 1976; LECOLLE, 1977; ROUTHIER et
al., 1977) and. Sr isotope data 'wgyg^provided by HAMET and
DELCEY . !(1971) and PRIEJtf et al. (1978).
•Opinions diverge in what concerns the origin of .
* *
.felsic volcanics in the Iberian Pyrite Belt. T h p s , 
SCHERMERHORN (1970a; 1975b; 1*976), SOLER (1969 ; 1973) 
and HAMET and DELCEY (1971) recognizing the essentially
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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bimodal character of the Iberian Pyrite Belt volcanism 
and the great dominance of the felsic over.;the mafic/ 
intermediate lithotypes, suggested a derivation by 
anatexis of'continental crust, whereas LECOLLE (1977) 
and ROUTHIER et al. (1977) favoured, in contrast, an 
origin by fractionation of a more primitive basaltic 
^ma gma.
The main purpose of this ^section. is to provide J 
geochemical data on the felsic volcanic rocks frc5m the 
Iberian Pyrite Belt; it is expected that the new data, 
especially trace element data which were not available 
before this study, wiJA help to elucidate.some of the 
petrological problems involved in the formation of the 
'felsic volcanics in this province. Geochemical data 
.for 48 representative samples is provided in^Appendix 
II. Vll the rock specimens studied here have suffered 
some degree of,secondary alteration (hydrothermal/. 1 
regional metamorphism) involving considerable changes 
on the alkali and alkali-earth element concentrations, 
parameters that are fundamental when dealing with felsic 
rocks igneous geochemistry. These features preclude a-
4
* ^
detailed petrogenetic discussion about the Pyrite Belt
felsic volcanics. I therefore have avoided using
* " “ A t .
samples exhibiting significant.sericitization, chlori- 
tizat-ion* and/or argillic alteration (see ALDERTON et
d
al., 1980) and, in this- section, we'will examine only
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the most obvious petrological consequences of the ' 
"immobile" element data.
* ; * , ' j '
As pointed out by previous authors (e.g. SCHERMERHORN 
1975b) volcanic rock's of dacitic composition seem to be 
' very subordinate in the Pyrite Belt, siliceous rhyolites 
being the dominant felsic volcaniG iithotype. The, 
rhyolitic rocks' rarely contain less than 70% SiO (fig.
r    —— ' |» ^
3.50) and m a n y  samples contain more than 76% SiOg.
High SiC^ contents also seem to be characteristic of,
rhyolites of other bimodal basalt-rhyolite suites which
\ *
are petrologicaAy distinct from rhyolites of calc-
alkaline predominantly.andesitic suites (CHRISTIANSEN
and LIPMAN, 1972), the latter containing usually less
/
than ,72% SiC^. Geochemical da^ta in figure 3.50 alsp 
suggests that there is a :compositional gap between
4 %
dacitic and rhyolitic rocks (see also LECOLLE, 19 77; .
ROUTHIER e t a l . ,  1977). ' Thus, it is possible that many
of the rhyolites.are not directly related to dacites
(or to more primitive rocks).
* Relative to most rhyolites, dacitic rocks are 
«- »
-enriched in-A^C^f T^-°2' ant  ^ P2°5 • 3.50), and,
except for the evolved rhyolites from the Cereal-
*
Odemira region, they-also range up to higher Zr concen­
trations; Nb* contents are, however, lower than those of 
most high-SiO, rhyolites (fig. 3.50). The REE abundance 
of 3 representative samples are plotted normalized to
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F I G U R E  3.50. TiOo, A120 3 , P 205., Mb, Zr,‘xY - Si 0 2 relation­
ships for the Iberian Pyrite Belt felsic 
rocks. Circumferences with dots - dacites; 
ci'rciimfOrences - rhyolites (flows and tuffs); 
open stars - intrusive rocks (Pf -.1,2,3).; 
c l o s e ^  circles - Cereal rhyolites.
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chondrites in figure 3.51a which shows that the dacites 
REE relative distribution patterns are virtually
•, *•>'*
identical to those of group 1 andesites, although dis­
playing higher total REE abundances and larger Eu
r
negative anomalies; higher EREE correlates well with Zr 
and Y concentrations and suggest that some dacites 
could be derived by fractional crystallization of an 
' andesitic•magma such as that represented by group 1 
ande'sites.
In .the rhyolites^, A ^ O ^ /  Tf° 2  an(  ^ P2°5 decrease
with increasing SiO_ contents (fig. 3.50). Zr, Y and
*
Nb generally increase with the increase of SiQ2 (fig.
3.50) ; however, the most siliceous samples - s i 0 2 > 
76-77% - are depleted in Zr and Y. The abundances of 
Zr (except for Cercal-Odemira region rhyolites, 
to be discussed later) afe similar to those of the 
rhyolites of New Zealand (EWART et al., 1968a) with 
comparable Si02 contents. On the other hand, the Pyrite 
Belt rhyolites tend to be higher in Y and Nb than 
equivalent rocks from New Zealand (EWART et a l . , 196 8a) 
being similar, or only slightly lower than the average
i
granites (TAYEOR and WHITE, 1966) ; high—Si02 rhyolites
(SiO > 76-77%) have Zr, Y and Nb contents which compare
favourably with those of some highly differentiated
s.ubalkaline rhyolites from Glass Mountain, California 
* *
I v * '
i * .
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•(NOBLE et al., 1972)'. .The chondrite normalize^’rhyolites 
show light-REE enrichment and ;variable degrees of heavy-- 
REE fractionation (fig. 3.51b); REE abundances (for ’ < 
rhyolites with Si02 < 76%) are similar to those of
* ' * S y ' U
.rhyolites from’"New: Zealand (EWART et^al., 196f?a) .
High-Si02 rhyolitic rocks display a moderate light-REE
N J X " ' ______
enrichment, though with lower REE
' .» A /
larger negative'Eu'anomalies, and/high heavy-^REE con-
" # , * * 
tents’ (lower La/Yb) .* The high heavy-REE, content
i » ' r ^  1
indicate that? the observed'Zr’depletion is not'related 
to the fractionation-of zircon, which is distinct]
' ■ ' * S' ” ■ '
enriched *ih heavy-REE .(NAGASAWA/ 1970) . The ,high-SiO_
rhyolitic rock patterns of REE abundances- fall .within
’ „ «  ^ ,
, the range of REE patterns.for other high-silica rhyolites
* . . 't.V • -
(HILDRETH, 1-979; BACON et al.,’1981), some Evolved
* * *
granites (EMMERMAN et al.', 1975.) , and aplites.1 and
*. (if .reflecting their original c&mposition) suggest that
similar processes^have contributed to the formation of
•' * < * < 
' J? 4 °*such’m a g m a s ^  ,
* ’■ ' i ■ ’ - ' *
Rhyolites from t h e .Cercal-Odemira. Region 
Felsic rocks from the, Cercal-Odemira region.con­
stitute the sojithernmost'occurrences of Hercynian voli-
' 1 ' 1 - p i t
can’i.c ro’cks within the South Portuguese- Zone. The
3 ‘ * - 1 • * 4 o
**  ^
geology of the area has b£er* studied by KLEIN (1960) and ^
‘ by CARVALHO (1976) ., The volcanic rocks stt^ed here ,
yer£ collected at,an abahdonedNjuarry, near the village
)
* ‘ * ' I '
V
■ &
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of Si Lui.z, and are representative of the lower felsic '
tuff unit, as described by CARVALHO '(1976) . Thin sections
often show quartz-aIka11 feldspar intergrowths and
■ * •
aggregates of very fine grained "iron oxides,-which are 
similar to those that replace original granular aggregates 
of groundmass ferromagnesian "silicates in silicic lavas 
that have cooled under oxidizing conditions (see also 
NOBLE et al., 1978).'
Cojnpared to other Pyrite Belt rhyolites with similar 
Si02 contents, the rhyolitic.- rocks from the Cercal- 
Odemira region seem to. be very highly evolved and some of , 
their geochemical features sugcjest affinities with 
'’peralkaline rhyolites. The rocks are somewhat low in 
A 1 20 2 (fig. 3.50; compare NOBLE, 1968) and show signi­
ficant enrichment in Zr, Y and Nb over calc-alkaline - 
rhyolites/granites (TAYLOR and WHITE, 1966) although 
considerably less so than for many comendites, panteller- 
ites (EWART et hi..,. 1968b; NOBLE and PARKER, 1975; SMITH 
et al., 1977) and peralkaline granites (BOWDEN and ^ 
TURNER, 1974). R E E ,abundances and relative distribution^ 
patterns (fig- 3.52) are -similar to those of many'peral­
kaline silicic rocks being characterized by strong 
heavy-REE enrichment and marked Eu depletion (compare 
BOWDEN and WHITLEY, 1974; NOBLE et a l ., 1979). High 
contents of Zr, Y and heavy-REE have been interpreted as 
a consequence of the excess of alkali in the magma, which
I
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stabilizes the highly charged cations within the melt
,c
t (DIETRICH, 196 8; NOBLE and H AFTY, 196 8; WATSON, 19 79.)
\ V
:s while ve'ry extensive ffeldspar fractionation, under low
I fO , result in extreme Eu depletion, as it is typical
> .
of many peralkaline oversaturated magmas. The most
©
S  strikingly depleted specimens (544-10,* 544-11) of the 
present study have Eu/Eu* values about .02 (compare 
NOBLE et al., 1979); these samples also have lower Zr 
contents and display appreciable light-REE depletion 
(fig. 3.52) being characterized by complex REE patterns, 
with a general positive slope on chondrite—normalized 
plots, similar (though wi-th lower absolute abundances) 
to those observecP^br some peralkaline granites (see 
BOWDEN and WHITLEY, 1974; HARRIS and MARINER, 1980).
In view of the extensive hydrothermal alteration 
exhibited by these rocks (see Chapter 4 of this study) 
one'might consider that the observed trace element 
variations could result from secondary processes; however 
ALDERTON et a l . (1980) have shown that the development 
of secondary K-feldspar, which is a characteristic 
feature of -the Cereal rhyolites alteration, does not 
change appreciably the general shape of the REE distri­
bution patterns (and Zr abundances) (REE data - fig.
3.51a - for K^enriched sample 55 0-5 0 apparentIV supports 
their observations) and, in consequence, it is possible 
that the peculiar trace element characteristics described
m&m
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above may reflect primary igneous features rather than 
the secondary process.
Petrogenesis
Similarities in magor and trace element composition 
(LECOLLE, 1977; ROUTHIER et al., 1977; this study), as . 
well as S r 87/ Sr86- Rb87/Rb86 relationships (HAMET and 
DELCEY, 1971) a m o n g .rhyolites from several different 
areas within the P y r i t ^ B e l t  (Cereal rhyolites excluded) 
suggest that these rocks are genetically related.
The two most frequently invoked mod,els for the 
origin of calc-alkaline magmas of dacitic to rhyolitic 
composition are fractional crystallization of basaltic 
or andesitic magma and partial melting of crustal rocks 
(e.g. EWART and STIP, J.968; EWART et al., 1973).
a) Fractional Crystallization
According to LECOLLE (19 77) and ROUTHIER et  a l . 
(1977) crystal fractionation of a parental basaltic 
magma could be a viable mechanism to produce the whole 
spectrum of volcanic rocks - from basalts to rhyolites 
occurring within the Pyrite Belt. Geochemical data 
discussed in previous sections of this study shows, 
however, that a simple fractional crystallization model 
cannot account for the observed mineralogical and 
chemical heterogeneities both within and between basic 
and intermediate rock groups.- One of the main arguments 
invoked by LECOLLE (1977) and ROUTHIER et a l . (1977) to
2 6 8
1
I 1
1
1
ol
• II
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derive the rhyolites by crystal fractionation is based on 
the considerable, scatter displayed by these rocffcs rela­
tive to the minimtfrft melt compositions within the system 
Qz-Ab-Or (TUTTLjE7 arid BOWEN, .1958) . Obviously, this 
argument does not consider the extreme Na20/K20 changes 
suffered by the felsic volcanics during hydrothermal/ 
regional metamorphism (see AYE, 1974; SALPETEUR, 1976 ; 
this study - Chapter 4). Moreover, many geological data 
suggest that rhyolitic melts do not form under the 
minimum melt conditions found by TUTTLE and BOWEN (1958),
(BROWN and F Y F E , 1970') .
There is, .however, geochemical evidence that some 
dacitic rocks may be produced by differentiation of an 
andesitic magma. ’ On th*e other hand, the large volume of 
rhyolites places a constraint on the possible mechanisms 
of their origin. The estimated volumetric relationships 
between basaltic-andesitic rocks and rhyolites in the 
Pyrite Belt, where rhyolites are about 3-4 times more 
abundant on the surface, argue against the generation of 
rhyolites by fractional crystallization of basaltic or 
andesitic magmas (see EWART et al., 1968a; COULON et al., 
1978) . Furthermore the relative differences in the 
trace element abundances between dacites and rh^plites 
are also not readily consistent with the fractional 
crystallization process.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
b) Partial Mel-ting of the Crust %
Numerous experimental studies (e.g. BROWN and FYFE,
1970; WINKLER, 1976;. WYLLIE et» al. , 1976; WYLLIE, 1977)
have shown that common lithological constituents of the
continental crust are potential source rocks for
87 86rhyolitic magmas’ Initial' Sr /Sr as high as .7135 
(PRIEM et al., 1978; see also HAMET and DELCEY, 1971) 
suggests that an origin by crustal anatexis may be ‘_also 
applicable to the Iberian Pyrite Belt rhyolites. Lo­
cally enhanced geothermal gradients within a 30 km thick^
u *
continental crust (MUELLER et al., 197 3), probably 
related to ascending basic magmas, could easily produce 
the necessary heat supply for crustal melting. Such a 
mechanism might also explain the' close association of . _
felsic and mafic volcanics in the Pyrite Belt.
In order* to evaluate the compatibility of this 
-process with the observed abundances‘of trace elements 
in rhyolites, .a partial melting model for REE has been 
calculated (fig. 3.53). The average REE composition of 
the continental crust (TAYLOR, 196 4) was taken as the 
parental material and mineral assemblages of the parents 
tested correspond -t<v garnet-bearing rocks of granitic
(plagioclase-quartz-K-feldspar-biotite) to'tonalitic 
composition (plagioclase-quartz-biotite-hornblende). It
is apparent (fig. 3.53) that'* partial melting of any of 
these source rocks can produce the REE patterns of
am aBBBgaaaaaarrm-
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FIGURE’ 3.-53. Chondrite-normalized REE contents of
Iberian Pyrite Belt rhyolite rocks com 
pared to those of melts produced by 
anatexis of (A) granitic (residual 
1 - mineralogy:\3b% quartz + 40% plagio-
clase + 20% K-rfeldspar + 8-%>. biotite' +
2% garnet) and (B) tonalitic rocks 
(residual mineralogy: 20% quartz +
60% plagioclase + 14% biotite +
5% amphibole + 1% garnet). REE con­
tents of the*parental source are those 
of the average continental crust 
(TAYLOR, 1964). Partition coeffici­
ents of ARTH (1976) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
S m  E u  B d  T b
with0U'  Permission
2 73
rhyolites but relatively high degrees of fusion must be
•>
envisioned to explain the absolute REE abjindance? of
the resulting melts. Low concentrations of P and Zr in
*
/ 1 ' 
the Pyr.ite Belt rhyolites indicate that the corresponding
original melts must have been saturated with respect to 
‘apatite and zircon and the occurrence of these minerals 
in the residual source would have reduced the estimated 
degrees of melting. The calculations also show that 
small amounts of residual garnet are necessary to 
produce the observed REE distribution patterns; this 
observation is in accordance with the rare occurrence 
of garnet phenocrysts in the rhyolitic rocks. Further-' 
more, the origin of rhyolites by anatexis of granites, 
tonalites or their metamorphic equivalents is compatible 
with geophysical data that suggests a felsic to inter­
mediate composition for the crust underlying the volcano- 
sedimentary cover of the South Portuguese Zone (see 
MUELLER et al.,-1973; SCHERMERHORN, 1975b).
Differentiation of silicic magmas has commonly been 
ascribed-to processes of crystal fractionation and, 
specifically,, to the gravitational settling of pheno­
crysts from the upper to the lower parts of the magma 
chambers (see COX et al., 1979). HILDRETH (1979), 
however, has shown t&at the vertical chemical variations 
within the magma that erupted to produce the Bishop 
tuff cannot be explained by the crystallization,and
%
&rta
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settling of the phenocrysts now^present in the unit and,
*> *
in 'consequence, he has suggested that most aspects of 
compositional variations within very silicic magmas 
were produced by differentiation in an essentially 
liquid state as a result of diffusion driven by gradients 
in temperature and gravitational potential. Several 
chemical differences among closely associated rhyolite 
samples from the Pyrite Belt are very similar to those 
described by HILDRETH (1979) and may reflect similar 
processes; however, the available data do not allow to 
determine if differentiation was produced by crystal 
fractionation, diffusion or by a combination of the two 
mechanisms.
The rhyolitic rocks from the Cercal-Odemira region 
appear to be unrelated genetically to the remaining, 
largely predominant, felsic volcanics in the Iberian 
Pyrite Belt. It is not possible to model satisfactorily 
the trace element variations a^png these rocks by 
fractional crystallization and significant differences 
in Zr, Y, Nb and REE at a giv<*n-Si02 content strongly 
suggest that the Cereal rhyolites had a .different petro- 
genetic history. These rhyolites are clearly evolved 
rocks and their trace element composition has many of the 
characteristics of highly differentiated silicic magmas 
erupted from crustal reservoirs. The processes acting 
to produce these extreme,compositions have, however,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
obscured any record o^ f parental magma and source rocks.
3.7 MAGMATIC EVOLUTION OF 'JHE IBERIAN PYRITE BELT: 
r SOME CONCLUDING REMARKS
I
Hercyi^ian volcanism in the Iberian Pyrite Belt is 
essentially representative of a bimodal association of 
tholeiitic to alkalic basalts and siliceous rhyolites, 
with only subordinate andesitic/dacitic lithotypes. 
Although closely associated, the felsic and mafic vol­
canoes originated and evolved separately; no lithologi- 
cal transitions occur, the volcanic centers are distinct, 
and available petrological data indicates that basalts,
andesites and rhyolites are not linked by fractional
*
crystallization. The source for the mafic magmas must 
be sought in the upper mantle whereas the felsic 
volcanism derives from magma chambers developed by 
meeting in the crust, possibly by heat supplied by 
rising mafic magmas.
Geochemical stutSO.es show bhat the basaltic lavas 
occurring at the base of uhe volcanic sequence are 
tholeiitic with geochemical characteristics transitional 
to arc tholeiites, similar to some basalts erupted during 
the initial stages of back-arc spreading. However, 
towards the top of the VS Complex basalts/dolerites 
display a progressive enrichment in incompatible elements
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(P, Zr, Nb, light-KEE) and the upper mafic lavas are
typical "within plate" alkaline basalts characteristic 
*
of continental rift zones and some ocean islands. The 
continuum of chemical compositions displayed by the Pyrite 
Belt basaltic rocks cannot be accounted for in terms of 
fractional crystallization. It'is considered that the 
basalts originated initially as a series of partial 
melts of heterogeneous mantle peridotite over a range 
of depths and with varying degrees of melting, followed 
by varying degrees of independent fractionation within 
each primitive magma. Petrological modelling indicates 
a complex chemical evolution for the Pyrite Belt basalts 
source regions, probably reflecting progressive intro- 
'duction of non-depleted material into tfha upper mantle
as a result of differentiation processes involving the 
movement of incompatible trace element rich-melts or 
fluid phases.
In gontrast with previously proposed plate tectonic 
models for the South Portuguese Zone (CARVALHO, 1972;- 
19 76; VEGAS and MUflOZ, 1976) the typ*e of volcanic 
activity which characterizes the Iberian Pyrite Belt 
is not what we usually find as subdllction related . 
volcanism in orogenic areas. However, basalt-rhyolite 
associations, similar to that described above, are
commonly found in areas of extensional tectonics pro-
4 * 
duced by ri-fting or back-arc spreading, within-and/or
0)
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near continental plate margins (NOBLE, 19 72; MACDONALD,
1975; RANKIn / 1976). By analogy with recent examples
(e.g. CHRISTI-ANSEN and LIPMAN, 1972; BEST and BRIMHALL,
1974; GILL, 1976b; SMITH et al., 1977; SAUNDERS and
TARNEY, 1979; CAMERON et al., 1'980),’it is suggested
1
that the particular volcanic rock types-which occur in 
the upper Paleozoic geosynclinal sequence of the Iber­
ian Pyrite Belt, including andesi'tes, transitional arc 
tholeiites and "within plate" alkaline basalts, may 
reflect the transient gedchemical natU're'^Of the mantle 
under a former active continental margin combinetd
with complex melting relationships attending the
\ v'
initial stages of an attempt for ensialic back-arc 
spreading. Available data (HERRMAN and WEDEPOHL,
1970; HERRMAN et al\. , 1974; BEBIEN et al'.',' 1974;. BEBIEN, 
1976; FLOYD, 1976;-BEBIEfo et al.,. 1980')!: suggests that - 
similar volcano-tectq^c associations may also charac- 
terize the upper Paleozoic of several other areas Within
the Rheno-Hercynian zone of the itid-western European
\ -
Hercynian chain.
's' ^ .
1
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CHAPTER 4
HYDROTHERMAL ACTIVITY IN THE IBERIAN PYRITE BELT
4 4  INTRODUCTION
A rapidly increasing amount of geophysical and petto 
logical data has emphasized the significance of fluid 
circulation as an important mechanism of heat and mass 
• transfer during cooling of igneous bodies within the 
earth's crust (NORTON and TAYLOR, 1979;, FYFE and LONS­
DALE, 1980; LISTER, 1980). Chemical reactiop between
¥
hydrothermal flftids and volcanic rocks, being a natural 
consequence of the cooling phenomena, should be an impor­
tant geochemical process because sonvective hydrothermal 
systems are probably widespread within continental and
oceanic crust (NORTON and KNIGHT, 1977; WOLERY and SLEEP,
a
19 76). The chemical composition of altered basalts 
(HART, 1973) and of the solutions issuing frbm hot - 
springs on the ocean floor fEDMOND et al., 1979) indi­
cate that several chemical species are exchahged between
the oceans and oceanic crust by way of these hydro- 
' ' * 
thermal systems. Thus, hydrothermally altered volcanic
Jk rocks may be potentially important sources for some 
m
elements in hydrothermal ore deposits (CORLISS, 1971;
" .c • ,
♦ SPOONER and FYFEv 1973; HUTCHINSON et al., 1980).
A The Iberian Pyrite Belt volcanic rocks underwent
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hydrothermal metamorphism and in'the following discussion,
an attempt will be made to relate the hydrothermal meta- 
»
morphic event that took place in the Pyrite Belt to 
hydrothermal metamorphism observed in modern oceanic and 
continental crust. Some speculative views are presented 
concerning the implications .of'the general process on ’ 
massive sulphide ore formation.
4.2 SEAWATER BASALT INTERACTION.IN SPILITES
J
4.2.1 Background Information Concerning the Origin of' 
Spilites in the Iberian Pyrite Belt 
As already described in previous chapters of this 
study, mafic volcanic flows and doleritic sills are wide­
spread in the Iberian Pyrite Belt (see also CARVALHOSA, 
.L9'&1; CRUZ GASPAR, 1961; STRAUSS, 1965; RAMBAUD., 1969 ;,
SC,
SCHERMERHORN, 1970a; SOLER, 197-3) corresponding to the 
mafic member of a bimodal magmatic suite which represents 
the igneous stage in the development of the South Por­
tuguese Zone geosyncline (SCHERMERHORN, 1971a) . The 
occurrence of .radiolarian chert filling the interstices 
•in pillow lavas (WILLIAMS, 1966) .indicates that the vol­
canism took place in a submarine environment.
Virtually al-1 the mafic rocks have experienced some 
degree of alteration to low-grade hydrous assemblages, and 
can be referred to as spilites (VALLENCE, 1960; 1969).
<<*<•
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Both the volcanic and enclosing sedimentary rocks 
were deformed during the Hercynian orogeny* Low-grade 
regional metamorphism was contemporaneous with, and to 
sqme extent postdated the main (first) folding phase 
(SCHERMERHORN, 1975a; MUNHA, 1976). However, primary
volcanic structures are still preserved in less deformed
«
rocks, and this, combined with textural and mineralogical 
evidence indicates that the mafic rocks acquired their 
spilitic character prior to. the onset'of the regional 
metamorphic episode. Observations which support this 
interpretation include:
a) plagioclase clasts derived from the Pyrite Belt 
volcanics and occurring in almost unmetamor­
phosed greywackes are'albite;
b) common occurrence of calcite-chlorite-hematite 
aggregates filling amygdules or.as scattered 
patches which are strongly flattened in SI 
(Plate 4A). Also abundant are calcite, quartz, 
epidote and hematite rich veins which show 
evidence that they have been folded during FI;
c) regional metamorphic minerals overgrowing and/or 
replacing earlier alteration phases. For instance: 
Analcite — Albite
' „ Epidote — *- Pumpellyite (Plate .4B,C)
Actinolite — ► Prehnite + chlorite (Plate 4D) 
Riebeckite — - Albite + chlorite
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The various proposals concerning the origin of 
spilites in. the Pyrite Belt may be summarized as 
follow's:
1. Spilites are derived by primary magmatic crys­
tallization. The initial melt may have been either a 
spilitic magma (RAMBAUD, 1969; SCHERMERHORN, 1975b) or, 
basaltic modified by contamination prior to extrusion 
(SOLER, 1973) ;
2. Spilites are the result of^sub-solidus hydro- 
thermal alteration of basaltic rocks (MUNHA, 1979)/'
Consideringjafcjig^ high degree of variance of the major 
element oxide analyses for spilites (fig. 4.1), in com­
bination with the covariance of the relatively "immobile" 
elements (PEARCE and CANN, 197 3; see Chapter 3 of this 
study), and- the congruent relationship between tftdse and 
the Chemical characteristics of relict hlefn temperature 
phases make both variations of model 1 ver^ unlikely
(see also VALLANCE, 1974a,b). The - occurrence of calcic-
\
plagioclase plus Mg-olivine, coupled with geothermometric
data from coexisting relict Fe-Ti oxides all indicate
minimum temperatures in the order of 800°-900 C (fig.
^ *
3.3), providing further support for the above-con­
clusions, and suggesting in addition that the spilitic 
rocks must have been derived from basalts due to mineral 
transformations which took place under subsolidus 
conditions.
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4.2.2 HydrothermalAMetamorphism
4.2.2.1 Introduction
Because the Pyrite Belt mafic rocks have been 
regionally metamorphosed to mineral facies in which 
albite is stable, it is not easy to define the spilitic 
mineral assemblages prior to regional metamorphism.
However, a drastic decrease in porosity and/or per­
meability caused by the earlier generation of ljew hydro- 
thermal minerals must have created highly unfavourable 
conditions for attaining re-equilibration (see AGUIRRE 
et al., 1978). Consequently-, the lower grade meta­
morphic episode, which took plac^> later would not have 
significantly affected the pre-existing hydrothermal 
mineral assemblages. For this reason, the study of the 
least deformed rocks, from the lower regional metamor- 
phic grades, usually provide information on the earlier 
spilttization process.
The extent of the spilitization reaction appears to 
have been markedly heterogeneous and primarily conditioned 
by the initial anisotropy in permeability of the basaltic 
material. An almost complete mineralogical readjustmentk
took place in the highly vesicular and venulated lavas 
(also in the basaltic tuffs and breccia) whereas the^  more 
impermeable sills exhibit a lower degree of alteration 
except at their marginal zones and in'wall rock adjacent 
to fractures and veins. This observation provides the
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best evidence that these rocks 'have been in contact with 
an external circulating fluid; i.e. effected by hydro- 
thermal alteration., the .’va'riable intensity of which was 
essentially a function of differing water:rock ratios' 
and permeability.
4.2.2.2 Hydrothermal mineralogy'
In the Iberian Pyrite Belt basaltic rocks the pro­
cess of hydrothermal metaniorphism has caused alteration 
^  * * 
of the'Original, igneous mineralogy and chemistry
through hydration, carbonation, , 'oxidation, destruction 
of primary components and precipitation of new hydro- 
thermal .minerals. The main secondary phases, interpreted 
to have formed during the'hydrothermal metamorphic event, 
include phyllosilicates -{mainly chlorite with subordinate 
white mica and rare celadonite and smectites), carbonates,
* * v
feldspars, Ca-aluminosilTcates (epidote, amphiboles, 
minor garnet and diopside), rare zeolites, iron oxides 
(hematite and magnetite) and sulphides (pyrite, pyrrhotite, 
sphalerite) .
The common presence of disequilibrium textures in 
metabasaltic rocks from the Pyrite Belt complicates,recog­
nition of metamorphic facies divisions. Detailed examina­
tion of textural relations and mineralogy indicate 
however that the hydrothermal metamorphic grade ranges 
from zeolite facies mineral assemblages characterized by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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PLATE 4
A- Calcite-hematite filled amygdules strongly flattened 
in S^. Spilite from near Castro Verde (South Portugal)
B. Pumpellyite (pu) overgrowing epidote (ep)^ . Meta- 
dolerite from near Ourique (South Portugal).
G. Pumpellyite (pu) replacing epidote (ep)» Lower-mafic 
lava from near Zalamea La Real (South Spain).
D. Prehnite (pr) + chlorite (chi) replacing amphibole (a). 
Meta-dolerite from -Villanueva de Los Castillejos 
(South Spain).
E. Radial aggregates of sericite filling an amygdule in 
spilite (Castro Verde, South Portugal).
F. Pistacitic epidote filling amygdules in upper mafic 
lava (Castro Verde, South Portugal).
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TABLE 4.1 Increasing Metamorphic Grade
Smectite
Chlorite
Celadonite
Muscovite
Albite
K-Eeldspar
Zeolites
Epidote
Grossular
Na-Amphibole
Ca-Amphibole
Diopside
Mg-Carbonate
Calcite
Hematite■
Magnetite
Pyrite
Pyrrhotite
Sphalerite
*8CC
II
'c|
*)■
•I
1]
I IJI\5>|<1a|
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the occurrence of (rare) zeolites and clay minerals, 
through chlorite.-epidote bearing assemblages, to green- 
schist facies characterized by chlorite-epidote-actino- 
lite (locally hornblende). Also, in some' gabbroic 
(picritic dolerites) cumulate rocks, the hydrothermal 
alteration produced rodingitic assemblages characterized 
by grossular-tremolite-diopside.
The distribution of the hydrothermal metamorphic 
facies is highly irregular and samples exhibiting 
mineralogical evidence of recrystallization under 
different temperatures can be found in adjacent outcrops. 
The inferred mineralogical changes with increasing meta-
i
moprhic grade are summarized in Table 4.1.
*
A synthetic description of the occurrence and 
chemistry*o'f the hydrothermal minerals is provided in 
the following sections.
A. Phyllosilicates. Phyllosilicates are one of 
the most abundant and widely distributed secondary phases 
observed in the Pyrite Belt mafic rocks.
Among the phyllosilicates, chlorite is by far the 
most frequent. Chlorite, comprises the principal vesicular 
and interstitial space filling material in many .dolerites,
V
although in the more highly altered upper mafic lava 
samples, carbonate ahd hematite also< occur and may even 
exceed chlorite in abundance. Chlorite is common in
i
veins, where it may be associated with epidote, quartz,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
U G H i  BINDING
Reliure trop rigideJ
actinolite, carbonates and occasionally sulphides. 
Chlorite also replaces glassy material and may be found 
within %-lbitized plagioclase (often associated with white 
mica-carbonate-epidote) or intergrown wit|i actinolite 
replacing clinopyroxene. Although the textural evidence 
indicates that some chlorite formation took place during 
the'hydrothermal episode, for many samples it is not 
possible at present to distinguish it from chlorite re­
crystallized during regional metamorphism, for this 
xeason.the chemical data provided in Appendix’III are 
limited to a few typical examples. Except for the MgO- 
rich vein chlorite in sample 4061, microprobe analyses 
indicate that chlorite is ripidolitic in composition 
with MgO/FeOt about one, similar to those reported by 
HUMPHRTS'and THOMPSON (1978) from hydrothermally 
altered oceanic basalts. /Sample 547-34 (a highly car-V 
’bonatized and oxidized upper ^ rnafic lava) was X-rayed 1 
and showed, besides-th'e 14& chlorite reflection, a 
broad reflection from 16-188 (using ethylene glycol 
treatment) indicating/the presence of smectitic irregular
mixed-layer --clays.
serpentineNni-nei^als (and chloftLte) (Appendix III) 
occurs f^v~pp£>*'T^ 7Sinorpns after olivine in the ultramafic 
cumulate rocks. Common associated minerals include:
l!
magnetite, tremolite and diopside.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Sericite/white mica commonly replaces plagioclase 
and also occurs as a vcfi’d filling mineral (Plate 4E) 
associated with chlorite, epidote, carbonates and occas- , 
sionally K-feldspar. Sericite is colourless to pale- 
green in thin section; microprobe analyses (Appendix 
III) show that white mica contains considerable amounts 
.of iron and magnesium (up to 9.8% FeOt and 4.->2% MgO) 
suggesting celadonite-rich compositions.
Celadonite is a comparatively rare mineral in' the 
Pyrite Belt mafic rocks. Celadonite occurs as linings 
and fillings of vesicules, occupying interstitial voids 
in the groundmass and replacing igneous plagioclase.
In thin section it has a bluish-green colour and occurs 
in the form of cryptocrystalline masses which charac­
teristically exhibit a fine grained laminar texture .under 
crossed polars. Microprobe analyses (Appendix III) show 
wt. % oxide abundances within the typical range of pre-
i
viously reported celadonite analyses^ (WISE and EUGSTER,
1961; FOSTER, 1969); nevertheless, when comparedto Leg
37 celadonises (ANDREWS, 1978) they are considerably
higher in Si02 , Al203 and K20 contents, and exhibit a
significantly lower total iron abundance. Celadonite
• \
•w^s neves observed to occur in association with white
micas; similar recrystallization sites suggests, however, 
that celadonite may represent the low temperature pre­
cursor to muscovite in many of the studied safnples (see
it
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also WISE and EUGSTER, 1964).
B. Feldspars. The igneous plagioclase in the >
Pyrite Belt mafic rocks has, in most cases, been
albitized, although in a few specimens relicts of the
original calcic crystal cbres .are still preserved.
Twinning is usually discernible in most of the albitized
plagioclases, but it may be absent from blastic albite
and K-feldspar which occur in veins and as vesicular
and interstitial space filling materials. Besides
*
^being albitized, igneous plagioclase is replaced by 
hydrothermal* epidote, chlorite, white mi£a,' carbonates, 
-K-feldspar and, occasionally, garnet. One interesting 
petrographic feature of some altered plagioclase grains 
is, in crossed polarizers, an irregular pattern of 
extinction that centers on the alteration products. ■ 
Microprobe analyses! of altered plagioclase grains (fig.
4-..4) reveals that the extinction pattern is a result of 
a compositional gradient within the'altered feldspars. 
Specifically, the altered plagioclase grains are more 
sodium-rich near to inclusions of secondary Ca^-aluminum 
silicates (e.g. epidote). These compositional gradients 
suggest that the mineral reactions that alter feldspars 
in the mafic rocks involve mainly the anorthite compon­
ent of plagioclase (see also FERRY, 1978).
In the great majority of the studied samples, meta- 
morphic feldspars are low—T albite and adularia (see
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Appendix III, figures 4.2, 4.3, 4.4). Nevertheless, the 
assemblage oligoclase-andesine + actinolite + chlorite ± 
,epidote occurs in a number of meta-doleritic rocks. 
Occurrendes of intermediate plagioclase associated with 
actinolite + chlorite in greenschist facies mafic meta- 
vo.lcanic rocks might imply that the conversion^ of calcic 
plagioclase to albite is a sluggish process. However, 
an oligoclase-andesine + chlorite + actinolite assemblage, 
intermediate between greenschist and amphibolite facies, 
has been described from mid-oceanic ridges (e.g. MIYASHIRO 
et al., 1971; LIOU and ERNST, 1979) and in contact meta- 
morphic aureoles ■ (SHIDO, 1958; MIYASHIRO, 1961; SHIRAKI^ 
1971). Experimental results (LIOU et al., 1974) indicate
that such an ass’emblage seems to be stable in a low
6
pressure environment.
As already stated, the metamorphism that affected the 
primary magmatic minerals of the Pyrite Belt mafic rocks 
is a complex and long term process; it started during 
cooling of the igneous bodies, as the result of inter­
action with low-temperature hydrothermal fluids, and
 ^ \ , 
continued later during regional metamorphism. Consequent-
y.
lyf the actual composition of minerals like plagioclase 
that are highly susceptible to the effects of secondary 
alteration, must be understood as reflecting the super­
position of hydrothermal and regional metamorphic/- 
events." The recognition of an earlier plagioclase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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alteration episode has important implications for the 
interpretation of the regional metamorphic pattern; its 
consequences will be discussed in Chapter 5 of this 
study.
C. Zeolites. Zeolite minerals are only very rarely 
preserved in the Pyrite Belt mafic meta-volcanic rocks, 
being most probably converted to higher grade phases 
during regional metamorphism.
Natrolite and scolecite were reported by CRUZ 
.GASPAR (1961') a^ amygdule filling minerals in oxidized 
upper mafic lavas from Courela das Ferrarias mine (near 
Castro Verde, South Portugal).
During the course of this study analcite was identi­
fied in meta-doleritic rocks from the, Messejana area 
(about 10 km SW of Aljustrel, South Portugal); _it has a 
pale pinkish colour (due to hematite dust) in hand 
specimen and occurs as irregular micro-granular aggre­
gates filling the rock matrix interstitial spaces and 
replacing Ca-plagioclase (andesine-labradorite). 
Associated secondary phases include (unidentified) clay
-i.
minerals, chlorite, carbonate, hematite, prehnite, 
pumpellyite, albite and (rare) quartz. Prehnite,'
i s
.pumpellyite and albite replace analcite and xepresent 
the stabie paragenesis during regional metamorphism. 
Microprobe analcite analyses (Appendix III) indicate 
very limited amount of solid solution towards wairakite
)
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(CaO < .09%); Si/Al ratios range from 2 to 2.4, in 
accordance with the rarity of quartz in the studied 
sample (see COOMBS and WHETEN, 1967) .
D. Epidote. Hydrothermal minerals of the epidote- 
clinozoisite series occur in many mafic meta-volcanic 
rocks of the Pyrite Belt and often show partial replace­
ment by pumpellyite and prehnite. They are present as 
tabular to stubby prismatic forms and as spongy aggre­
gates replacing plagioclase and clinopyroxene. Vein 
epidote is not so common but occurs in a few samples; 
fan-shaped coarse -grained epido-te aggregates were found 
as amygdule filling minerals (Plate 4F). In thin- 
section, epidote minerals range from low birefringent, 
colourless to high birefringent, characteristically 
yellow to bright yellow pleochroic grains^suggesting 
variable Fe3+ co'ntents; low birefringent epidotes are 
typical of the meta-dolerite samples'.
Epidotes from 12 samples were selected for micro­
probe analysis (Appendix III). Confirming results of 
the petrographic examination, epidote-clinozoisites show
a considerable( range in composition, the major substitu-
3+ .
tion being Fe2®3 o^r ^2^3 4.5a) ; the Ca2F^
(OH) component is 10-2 7 mole % in epidotes from meta- 
doleritic rocks, 24 mole % in a vein epidote sample and 
27-34 mole % in epidotes from mafic pyroclastic or 
effusive rocks.
#"
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FIGURE 4.5b. Fe2C>3/FeO ratio for mafic lavas and* 
intrusive sills of the Iberian Pyrite 
Belt.
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< Fe20 3/Fe0 ratios (fig. 4.5b) show that the mafic
volcanic rocks have been oxidized during hydrothefmal
alteration, and that the degree odf-pxidation decreases
from the highly vesicular and yenulated' lavas to the
more massive sills. Not only the Fe2O 3/Fe0t ratio de- *
creases because of the decrease in the abundance of
hematite, but also the epidotes became more aluminous
3 +
and less iron rich. The decrease in the Fe component
in the epidotes is a reflection of a decrease in the
oxygen fugacity and an increase in the temperature of
the altering fluid (HOLDAWAY, 1972; LIOU, 1973).
These compositional trends are what should be expected
during rock-fluid exchange, since under the same general
conditions, as permeability decreases mass1 transfer
through mlore massive rocks should occur at progressively
slower rates relative to the fluid flow within the
enclosing system; hence the bulk of the fluid will be
kept progressively further away from being in equili- 
>
brium with the fluid in the more impermeable rock 
interiors (SPOONER et al., 1977).
E-. Garnet. Garnet, is uncommon in the Pyrite Belt 
mafic rocks; it was identified only in a few meta- 
dolerite samples as small (.06 mm) subrounded to 
f  ramboidal, pale brownish grains filling amygdules and 
replacing plagioclase. The garnet bearing metamorphic 
assemblages also include chlorite, epidote, white mica,
k
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actinolite, prehnitepumpellyite, albite, quartz and
carbonate. Due to the'polymetamojrphic history of the,
.
mafic volcanic rocks in the Iberian Pyr.ite Belt it is 
not clear to which episode the garnets are to be attri­
buted. Somewhat ambiguous textural relations suggest 
•that garnet might have predated pumpellyite and prehnite 
recrystallization,
In the ultramafic cumulate rocks garnet minerals 
are commonly associated with Di-T and typically occur as 
colourless to pale brownish micro-granular aggregates 
replacing plagioclase (Plate 5A).
Microprobe analyses of garnets are shown in Appendix 
III. Nominal solutions for relative proportions of end- 
member molecules according to the nomenclature and pro­
cedures of RICKWOOD'(1968) and'COOMBS et al. (1977) in­
dicate that the analysed garnets range from grandites 
(up to. 50% andradite component)* in the mafic rocks, to 
grossular (less than 10% andradite component) in the 
ultramafic cumulates. Consideration of the atomic
proportions suggests that in the analyzed grains some
2+
Fe must be present as Fe , almandine component* an 
effect that seems to be characteristic of ,grandites 
formed under relatively reduced conditions (LIO(J, 1973; 
COOMBS et al., 1977). The nominal solutions for the 
end-'-member molecules also indicate that the various 
garnets do not contain more than about 6% of end-member
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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hydrogarnet molecule; most probably, a SiC^ was not' ^ow
enough to promote extensive for Si substitutio^-,
typical of the hydrogarnets in some rodingites (SEKI,
>
1965). Compositional data for coexisting epidote and 
grandite in sample 35b suggest recrystallization 
temperatures within the range of 300-400°C (see BIRD 
and HEGELSON, 1980a).
F. Diopside. Secondary diopsides are common 
mineral components of the hydrothermally altered ultra- 
mafic cumulate rocks, that* outcrop near the. Tharsis mine, 
SW Spain. Diopsides are associated'with tremolite, 
grossular, serpentine minerals, chlorite, magnetite 
and sulphides, and occur as colourless, sometimes 
idiomorphic crystals replacing plagioclase and igneous 
clinopyroxenes and/or as yellowish brown to pale greerf, 
fan-shaped fibrous crystalline masses, mostly within 
olivine pseudomorphs. Crystal habit and chemical 
composition (Appendix III), both clearly set them aside 
from coexisting igneous pyroxenes; compared to the latter
newly formed diopsides are lower in TiC^' A-*-2°3 anc^
t t
.Cr^O^ contents and FeO /Mg0 ratios. Except for FeO /
MgO ratios, colourless' diopsides are identical to those
reported by PETERS (196 8) and TRONMSDORFF and EVANS
(1974) from alpine, low-grade, metambrphic peridotite
rocks. It is interesting to note that fibrous diopsides
contain appreciable amounts of sodium (.67-.80% Na20) ,
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indicating that the uptake of alkalis into the clino- 
pyroxene lattice is also favoured at low temperatures 
and pressures (contrast PETERS, 1968).
G. Amphiboles.
G.1 Na-amphiboles. Na-amphiboles were found in 
prehnite-pumpellyite facies ^ta-dolerites which intrude 
the VS complex near the city of Grandola (Portugal) and 
at the village of Cerro de Andevallo (Spain).
Thin sections of the Na-amphibole bearing meta- 
dolerites show relict augite and kaersutitic hornblende 
together with newly formed albita, adularia, chlorite, 
calcite., epidote, pumpellyite, prehnite, white mica, . 
stilpnomelane, sphene and quartz. The Na-amphibole is 
present only in trace modal amounts and occurs as small 
(.07 mm)', somewhat corroded, anhedral grains enclosed 
in chlorite aggregates or as scattered needle-like 
Crystals in the matrix (Plate 5C).
Optical properties are difficult to evaluate due to 
small grain size and strong absorption. In spite of this, 
the following parameters are suggested for pleochroic 
scheme and extinction angle: a - deep sky-blue; 6 
ye1lowish—green; y — dark blue with violet tinge;
c'a = 0-10°.
*
The chemical formulae which can be -derived from the 
microprobe analyses (Appendix III) are transitional 
between riebeckite and arfvedsonite according to both
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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MIYASHIRO (1957) and LYON's (-1976) classification schemes 
but are identical to the so-called riebeckite-arfvedsonite 
as proposed by BORG (1967), and this terminology is 
followed here. m
/
A relatively low temperature upper stability limit
l
for riebeckite-arfvedsonite (ERNST, 1962) precludes 
a liquidus paragenesis for this amphibole-in basaltic
• c
i;ocks. It is recognized that relatively high chemical 
potentials jof oxygen and sodium in percolating solutions 
favour the production of sodic a'tnphiboles in ferruginous 
rock's poor in aluminum (MIYASHIRO, 1967). Under the. same 
general conditions and somewhat lower oxidation states 
riebeckite tends to be enriched in arfvedsonite component
(ERNST, 1962; ONUKI and ERNST, 1969). It is thus pro-
/
posed that_the Iberian Pyrit^ Belt riebeckite-ar'fvedson-
ites formed at an early evolutionary stage of the general
(mafic volcanic rocks) .alteration process during which
the relatively oxidized fluids were available (see also
'DIETRICH et al., 1977; HENLEY, 1978). Several riebeckite-
arfvedsonite crystals are zoned (showing calcium enrich-.
ment and Fe2°3 depletion towards the crystal rims) and
rimmed by actinolite (fig. 4.6). This effect must reflect
the changing physico-chemical environmental conditions and
2+
could be related to a drop of fC^ and Ga enrichment 
during progressive heating of the hydrothermal fluid 
(ERNST, 1962; BISpflOFF and DICKSON, 1975; HAJASH; 1975).
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Metamorphic riebeckites tend /to be poorer in ^ 0
when compared to those reported here (see DEER et 'al.,
1963); however, a similar example of K-rich riebeckite-
arfvedsonite has already been described in very low- 
\ 5
gr^de metabasalts from New Caledonia (BLACK, 1970).
/ The riebeckite-arfvedsonite amphiboles are only
very rarely preserved in the Pyrite Belt mafic meta-
\
volcanic rocks, being converted to albite-chlorite during 
regional metamorphism. ^
G.2 Ca-amphiboles. Ca-amphibole (tr^molite- 
actinolite)-hornblende), bearing rocks characterize the 
highest (hydrothfermal) metamorphic grade reached by the
 ^ c>
mafic-metavolcanics in the Iberian Pyrite Belt.
Ca-amphiboles replace clinopyroxene (Plate 5D).,
* * • c
olivine (Plate 5E) and the groundmass materials, being
6
associated with chlorite, epidote, albite (occasionally 
Ca-plagioclase), sulphides, magnetite, calcite, quartz 
and occasionally garnet; they also occur in veins,
» L
usually associated with quartz, epidote, chlorite and 
sulphides. Contrasting with the' extensive mineralogical 
reconstitution which characterizes most low temperature 
(hematite ± smectite + chlorite + carbonate) hydro- 
thermal ly altered samples, many Ca-amphibole bearing 
rocks (mainly meta-dolerites) still preserve's consider­
able proportion of ‘their igneous mineral' compbnents 
suggesting a progressive reduction of the fluid/rock
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ratio with increasing temperature of hydrothermal 
alteration (see also BISCHOFF, 1980).
The Ca-amphiboles are variable in composition (see 
Appendix III; fig. 4.6) and in optical properties; they 
are colourless to green in thin section and generally
C>
occur m  fibrous aggregates or small needle-like crys­
tals ranging in composition from .24-1.19%FeOt/MgO 
and .41-8.21 % A^O^, reflecting variable host rock 
composition and recrystallization temperatures (within 
the range of 350-500°C, by comparison with natural 
occurrences and experimental data (KEITH et al., 1968; 
LlOthet al., 197^). All the analyzed amphiboles occur 
in prehnite-pumpellyite 'facies meta-basaltic rocks; 
however, their wide range of A12C>3 contents (compare 
COOMBS et al., 1976;. KUNIYOSHI and LIOU, 1976b) and 
textural evidence (Ca-amphiboles are often replaced by 
chlorite ± prehnite) clearly indicate that they predate 
the regional metamorphic paragenesis being interpreted
. c
here, as relate^-’0to the hydrothermal event.
H. Carbonates. Carbonates are widely distributed
in the Iberian Pyrite Belt mafic volcanic rocks, being
particularly abundant in association with low-temperature, 
~\
oxidative hydrothermal alteration. They occur, for the 
most part, in vesicles, veins and as alteration products 
of.plagioclase and clinopyroxene. Carbonates were 
identified by microprobe analyseis (Appendix III) as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 4.7. MgCO- contents ol calcites-in hydrothermally 
altered mafic rocks.
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calcite, dolomite and ankerite, listed in approximate 
order of abundance.
Both dolomite and Mg-bearing calcites typically occur in 
association witfT*the lower-temperature hematite ± 
smectite-chlorite assemblages wheteas the most frequent 
carbonate in epidote-^actinolite bearing meta-dolerites 
and mafic lavas is Mg-poor and approaches the com­
position of end-member calcite (fig. 4.7). KATZ
(197 3) has demonstrated experimentally that incor- 
2+poration of Mg into calcite at a given temperature is
2+ '2 +
primarily dependent on the molar ratio of Mg /Ca 
in solution and described a positive relationship
2+
between the distribution coefficient values of Mg
Mq 2+
(D . /fluid phase) and temperature. As a result,
CcllClCS
significant lowering of the Mg concentration-in. pore 
fluids may have been an important factor contributing 
to the precipitation of progressively Mg-poorer calcites 
with increasing temperature of hydrothermal alteration.
Ankerite (CaCO^, 4 8-55 mole •%; MgCO^, 30-36 mole %; 
FeC03, 9-13 mole %; MnCC>3,' 2.4-4.2 mole %) was identified 
within veins associated with sulphides; its occurrence 
suggests enrichment of Fe and Mn in the circulating 
fluids, most probably through leaching of the adjacent
basaltic rocks.
I. Oxides and Sulphides. Hematite is a common 
secondary oxide phase being abundant in many carbonatized
 t—   ------------------------ ---
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upper mafic ldvas. It occurs as thin coatings along 
fractures and veins, forms linings and fillings of ves­
icles and replaces groundmass material. In a few oxidized 
samples, hematite rich zones exhibit a close spatial assoc­
iation with fractures or veins, indicating that their 
-.generation was related to the introduction of oxygenated 
fluid along these channelways. Hematite abundance >seems 
to decrease with increasing temperature of hydrothermal 
alteration^and^jja Ca-amphibole bearing rocks, magnetite 
+ sulphides occur instead.
Among the sulphide minerals, pyrite is by far the
most frequent., Pyrrhotite, sphalerite and chalcopyrite
* ■ / ,
may also occur and were identified by optical techniques
and electron-microprobe analysis (Appendix III). Sul­
phides occur as small crystals', filling vesicles, veins 
and interstitial void spaces within the matrix (Plate 
5F), replacing igneous Fe-Ti oxides and associated with 
chlorite pseudomorphs.
Microprobe analysis of pyrite shows no significant 
deviations from stoichiometry and only very limited 
amounts ('< .10%) of Co, Ni, and Cu. Coexisting pyrr- 
hotites have’ Xpeg varying from 9 4-95%-, suggestive of 
equilibration temperatures and sulphur activities, respect­
ively, from 250-400°C and 10 ^,-10 (TOULMIN and BARTON,
1964) . Despite the good agreement between the temperature 
estimates obtained by this method and those estimated on
:.Sk
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PLATE 5
A. Micro-granular aggregates of grossular replacing 
plagioclase(?) in ultramafic cumulate rock (Tharsis 
Mine, South Spain). .
B. Fibrous diopside (di) within olivine pseudomorphs 
, (Tharsis).
C. Riebeckite-arfvedsonite crystals in “meta-dolerite 
(Cerro de Andecvallo, South Spain) .
D. Actinolite replacing clinopyroxene.in meta-dolerite 
(near Sotiel, South Spain).
E. Tremolite replacing olivine in ultramafic cumulate 
rock (Tharsis). ' '
»
F. Large pyrite crystal; filling a vesicle in spilite 
(Castro Verde, South Portugal).
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the basis of mineralogical criteria, the small number of
analyses, coupled with the fact that pyrrhotite may easily
re-equilibrate by changing its composition and structure
(e.g. VAUGHAN and CRAIG, 1978), indicate that these geo-
thermometric calculations must be tentative at best.% v
X  The sphalerites have less than .05 weight percent Mn, 
and Cd contents from .2 to .6 weight percent. Their iron 
contents vary from 9.3-9.7 mole % FeS, in pyrrhotite free 
assemblages, to 12.6-14.1 mole % FeS when coexisting with 
pyrrhotite + pyrite.; the relatively FeS-poor sphalerite 
compositions suggest re-equilibration with pyrite + 
monoclinic pyrrhotite at low temperatures (see SCOTT and 
KISSIM, 1973; BARTON and SKINNER, 1979)1 *
4.2.2.3 Interpretation of the ntetamorphic rocks 
The 'spilitic' assemblages described developed by - 
■' irreversible (HELGESON, 1968) metamorphic reactions from 
^ an initial, essentially anhydrous basaltic parent (see 
MOORE, 1970; DELANjjJY et al.-, 1978), in response to the 
introduction of extraneous hydrothermal fluid. ^ Assemblages
were produced' in a state (^f^joartial equilibriunl\^(HELGESON,
* 1
1979) at the particular physical conditions, the adtual
proportions of pardnt and product phases reflecting the
V
intrinsic reaction kinetics and fluid mass flux • (HELGESON
et al. , 1970) .
The hydrothermal metamorphic grade ranges from zeolite
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facies, through chlorite-epidote mineral assemblages, to 
greenschist facies. The mineralogical sequence described 
here, specifically zeolites + clay minerals -*• epidote + 
chlorite ->■ actinolite -*■ hornblende, clearly indicate that 
the hydrothermal mineral assemblages developed in res­
ponse to rising temperature. By comparison with para- 
geneses developed in geothermal systems (KEITH et al.,- 
1968; KRISTOMANNSDOTTIR and TOMASSON, 1978), combined with 
available compositional, mineralogical and experimental 
data (LIOU, 1971a,b,c; LIOU et al., 1974), it is suggested 
that the- hydrothermal metamorphism of the mafic rocks in 
the Pyrite Belt took place, mostly under temperatures 
ranging from 50°C to 400°C, but reached,at least locally,
temperatures as high as 450-500°C.
/
Significant mineralogical changes with increasing 
metamorphic grade may be summarized:
1) increase in abundance of Ca-rich aluminosilicates;
2) decrease in Mg/Ca ratio in carbonates;
3) progressive replacement of hematite by magnetite 
+ sulphides, and of riebeckite by actinolite.
These mineralogical changes seem to indicate that the 
^fluid responsible for the hydrothermal alteration, origin­
ally oxygenated and Na-rich, became progressively reduced 
(see HOLLAND, 1965) and Ca-enriched (see BIRD and HEGELSON, 
1980b) (and probably somewhat £0~, Mg-depleted) as it 
reacted at progressively higher temperatures with the*-*
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basaltic rocks.
The inferred geochemical trend is similar to that 
observed both in sea-water derived geothermal brines
-jf *
(TOMASSON and KRISTMANNDOTTIR, 1972), and in solutions 
resulting from experimental basalt sea-water interaction
■r
systems (BISCHOFF and DICKSON, -1975; HAJASH', 1975; MOTTL
<
and HOLLAND, 1978). Further evidence for sea-water 
spilitisation reactions is provided by the rodipgirtic 
gabbro occurring near the Tharsis mine (fftJELVA) , which is
i
similar to rodingite formed by extreme hydrothermal 
leaching in basalts at modetn mid-ocean ridges (HONNOREZ 
and KIRST, 19 75).
In auirtfnary7 the mafic volcanic rocks from the 
Iberian Pyrite BeJLt represent products of submarine vol- 
canism,. and it has been shown that they underwent hydro- 
thermal alteration prior to the onset of tectonic deform­
ation and regional metamorphism. The development of the 
secondary spilitic mineral assemblages described above, 
which involved extensive hydration, carbonatization and 
oxidation, clearly required introduction of CO?-rich. and
-v'
oxygenated fluid from some readily available external 
reservoir. From the evidence presented it is concluded 
that the spilites developed in a sub-seafloor geothermal 
system involving circulation of brine, which underwent 
chemical and thermal evolution while interacting with the 
various rock types, prior to discharge onto the sea floor.
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4.2.3 Oxygen Isotope Geochemistry - Origin of the 
Hydrothermal Fluid 
4.2.3.1 Sampling and analytical methods 
The material selected for oxygen isotope analyses 
consists of eight whole-rock samples and a quartz'-chlorite 
mineral pair from a hydrothermal vein. -The analyzed mafic 
rpcks (6) are thought to represent low to medium grades 
within the previously described hydrothermal metamorphic 
range. The remaining two samples correspond to a 
"rodingite gabbro" (ultramafic cumulate) - and to an 
albytophire.
Conventional techniques were utilized (analyst, Prof. 
R. Kertich, U.W.O.) for the extraction of oxygen from 
minerals with bromine pentafluoride ^nd ^ quantitative 
conversion to carbon dioxide, prior to mass spectrometric 
analyses (CLAYTON and MAYEDA, 1963). Isotopic data are 
reported as 5180 values in per mil relative to standard 
mean ocean water (SMOW).
4. 2. 3.2 Oxygen isotope .data and interpretation 
Oxygen isotope geochemistry has been shown to be a 
useful technique for gfeothermometry (JAVOY, 1977), for 
suggesting .possible sources- of fluids that have exchanged 
with rocks (TAYLOR, 1974; SHEPPARD, 1977), and for the 
clarification of certain aspects of mass.transfer (SPOONER 
et al., 1977; NORTON and TAYLOR, 1979). It-is parti-
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cularly applicable to the study of altered mafic rocks 
because their initial isotope- ratios are relatively 
uniform (+6.5 + 1°/ , TAYLOR, 1979), and thus provide a (
reference against which tts^compare the alteration products. 
Duri.ng the passage of fluids through rocks the concen­
trations of- many elements are controlled by the solubility
■#
and ion exchange equilibria between the fluid and its 
wall rocks.-. The stable isotope ratios of oxygen vary in 
different rocks, minerals—and natural terrestrial fluid 
reservoirs, and are also involved in fluid-rock isotope
r
exchange reactions. As ac result, during water/rock 
interaction, the oxygen isotope ratios of rock and/or 
fluid may be shifted away from their initial values.
.-The <5180 values for the analysed volcanic rocks and 
minerals are presented in,table 4.2, and compared with 
other oxygen isotope .data in figure 4.8.'
18. All the mafic rocks are enriched in G^relative to
a 6 1 80 value of +6.5 ± 1°/ which characterizes unmodi-oo
fied, basaltic material. The observed 6180 whole rock 
values range from +9.82°/oo to + 15.71°/nf), correspondingoo
to positive isotopic shifts'of +4°/ tp,'+9°/ . These*L oo oo
18enrichments in 0 are similar to the enrichments observed
in low grade sub-seafloor^hydrothermally metamorphosed
basaltic rocks (MUEHLENBACHS and CLAYTON, 19 72; SPOONER
’et al., 1974; HEATON and SHEPPARD, ' 1977)', but contrast 
18with the 0 depletions observed in basalts that have
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TABLE 4.2 Major /Trace Element Composition and <S180*of
Whole Mafic Rock and Mineral Samples From the 
Pyrite Belt.
Sample No - D540-12
D
551-7
UC
ELB-24
L
547-34
* L 
555-3
Si02 wt'% 50.21 48.20 38.75 43.42 43.81
. ■ Ti02 2.14 1.33 .57 2- 39 1.87
a i 2° 3- ' 14.28 16.17 6.^7 13 . 69 15.36
Fe2°3 4.40 2. 64 7 .11 6.87 4 .20
a FeO 7 .26 5. 92 7 .55 3.03 . 3.49
MgO * 5.28 7 .77 . 25.84 3. 93 5.50
MnO . 28 . .12 - .10 ' . 19
CaO * 7 .38 8.77 5.06 10.98 9.44
- Na20 3 . 53 3.34 .30 1.86 3.49
k 2o • / .05 ND . 14 2.72 3 .23
'P<2°5 /  *21 . 08 .20 . 43 .19
L.O.I. . f* 4.24 4.83 10.65 ' 8.48
Li ppnv 18 . -44 52
Rb 2 14 10 67 37
’ Sr 327 428 54 272 267
Ba 123 92 , 4 171 .731
Sc • 43 34 - 22 22
Y 45 20 7 20 -28
zr 188 73 27 149 122
Nb 6 2 ' 1 38 39
J Cr 134 254 755 201 >3 5
Co ±,47 38 110 3'3 34
Ni 20 91 705 137 121
Cu * 56 - - 27 25
Zn 64 - - 27 75
t WHOLE ROCKS
J 5 0 /oo +10.87 +9.82 +10.62 +13.97 +12 .00
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TABLE 4 - 2 continued
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Sample No PL - 
559-102
PL
'2806SD
AB
567-61
Y
1907SD
>
Si02 wt'% ' s 48. 8 J ^ 44.40 49.36
Ti02 1.33 1.92 .64 «»
A12°3 17.50 17.84 16.66
Fe2°3 5.36 8.42 2.10
FeO . ^ 4.57 . 5.94 3.10
MgO 3.10 .92 2.45
MnO  ^.31 .30 .-24
CaO 7.56 6.36 9.49
’Na2° 5.13 4.42 6.77
k2o .01 ' .81 .05 *
►0 to O 101 .08 ‘ .08 -
L.O.I. 6.61 8 ."38 .8.85
> '
Li - o 41 38 ^ i,
,Rb 3 51 5 • \ .
fSr 176 235 184 *
Ba 50 389 39
Sc 40 54 - -
Y 17 42 13 \ ?
Zr / 59 81 '113
Nb 5- 8 •5
Cr 247 53 137 ■
Co 40 43 , *
Ni , ' 66 14 . 85
Cu' 9 . 16 13 •
Zn . 55 ' — 32
s'*
** ■« j 9 ' MINERALS
**
+13.42 +15.71 +13.09 * +19.89 +5.58
*** Quartz Chlorite
0
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FIGURE 4. . Wl^ole rock oxygen isotope ratios of 
hydrothermally metamorphosed igneous 
rocks from the Iberian*Fyrite Belt. 
Comparative data- from SPOONER et al»
• (1974),- FORESTER and’TAYLOR (1976) and 
HEATON and SHEPPARD (197 7). -" i
I
I O
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undergone high-temperature (>400°C) marine hydrothermal
i
alteration (fig. 4.8) , or in continental basalt^ which
have been hydrothermally altered by interaction with
isotopically light meteoric waters (FORESTER and TAYLOR,
1976;'TAYLOR and FORESTER, 1979) . As already mentioned,
the mafic volcanic rocks studied here represent the
products of submarine volcanism which have been converted
to spilites due to hot water-rock interaction related to
sub-seafloor hydrothermal activity. Such a process could 
. *not have involved significant amounts of meteoric waters.
The resultant spilitic assemblages, coupled with the 
oxygen isotope data discussed above also make it unlikely 
that juvenile (magmatic) water was important. That hydro- 
thermal alteration operated oven large areas producing, 
in some cases, highly oxidized assemblages (fig. 4.9), 
suggests that modified seawater was the principal com- 
poneht of the hydrothermal fluid (SPOONER and FYFE, 19 73).
> . - O
Isotopic temperatures in the range of- 100-140 C were 
calculated from coexisting quartz and chlorite in a Mg- 
carbonate rich hydrothermal recharge vein, which cuts 
through oxidized pillow lavas near Sao Domingos mine 
(South Portugal). Quartz-chlorite fractionations have 
been interpreted with respect to the quartz-water and 
chlorite-water equations given by CLAYTON et al1. (19 72) ,
* s
MATHEWS and BECKINSALE (1979) and WENNER and TAYLOR (1971).
Assuming tejnperatures of 100° po 140°C, the calculated
jk
Mi.
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FIGURE 4.9. Whole rock oxygen isotope ratios plotted 
against oxidation ratios of spilitic rocks 
from the Iberian Pyrite Belt. Squares - 
dolerites; star within square - ultramafic 
cumulate rock; triangle - aibitophyre; 
black circles - lavas.
%
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iS180 of water in equilibrium with the vein quartz is *'* 
0°/oo ± 1. ( This is in close correspondence with the <5180 
value of present day sea water, which has probably re­
mained at about 0°/oo throughout m^st of geological 
history (see KNAUTH and LOWE, 1978). While this isotopic 
temperature is approximate, the result is consistent with 
what should be expected from the observed metamorphic 
assemblage^. The metamorphic temperature range for the 
analysed mafic rocks is considered to have been from 
50°C to 350°C, from mineralogical criteria. Examination 
of available silicate-water fractionation data (see 
TAYLOR, 1979) clearly shows that for this temperature 
range rock-water isotope fractionations must be large and 
positive. Therefore-, at these low temperatures, basaltic 
material affected by sea water interaction may become 
enriched in Differences in the observed 6180 values
are easily explained in terms of different secondary 
modal composition of the analysed mafic rocks, which 
reflects variable temperature, and/or water/rock ratios
during hydrotherma.1 alteration (see SPOONER et al., 1974).
%
For example, the lower determined 6180 values correspond
to relatively impervious massive doleritic sills (540-12;
551-7), which also show lower Fe2C>2/FeO't and L.O.I. values,
thus suggesting that they interacted, with a smaller amount
of fluid.- Also the incipient development of actinolite
overgrowing clinopyroxene seems to indicate higher
m
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temperatures during the alteration of these rocks. The
18magnitude of the isotopic shifts, observed for the 0-
richer samples, do require, however, isotopic exchange
with fluids under conditions of high water/rock ratios
and at low temperatures (compare HEATON and SHEPPARD,
1977; SPOONER et al., 1977).
The correspondence between the isotopic shifts
predicted and those observed, as well as the calculated
isotopic composition of the hydrothermal fluid (0°/oo ± D <
strongly corroborates the hypothesis that the spilites
from the Pyrite Belt were produced by interaction of 
«*•**
basaltic material with sea water.
4.2.4, Chemical Changes
During low grade metamorphism involving the inter­
action of fresh basaltic rocks with large volumes of
water, metasomatic changes in the composition of the
»
basalt are likely to ^ccur. As shown in figure 4.1 the 
metamo^rphism which affected the Iberian Pyrite Belt
i
mafic rocks was strongly non-isochemical, and involved 
the mobilization of several major elements.
Tq obtain information on the chemical effects of 
hydrothermal alteration, several^samples, -exhibiting 
different degrees of alteration, were analysed from a 
meta'-doleritic sill intercepted by drilling near 
Garrochal (South Portugal). The analytical results show
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
intensity of alteration (as indicated by increasing 
amounts of volatiles and'higher F e ^ ^ F e O 1" ratios) 
the basaltic rock becomes enriched in alkaline elements 
*{j^ r Rb, Li) , and exhibit a concomitant leaching of
transition metals (Cu, Co, Zn); (data on table 4.4, ^
suggests that these results can be generalized relative 
to other mafic lithotypes). The following reactions 
represent the che’mical changes and also account for the
observed variations in the-*nfodal composition of the
studied samples: „
a) Oxidation
a.l) Hematite-rich spilites
Fe2Si04 + *50  ^ = Fe20-j + *53102(501) + *jSi02 (solid) 
(SPOONER and FYFE, 1973)
a.2) Sulphide + magnetite bearing spilites^ (mostly 
meta-dolerites)
H P e 2Si04 + 2S04" t 4H+ = 7Fe304 + FeS2 +
Si02 (solid) + H20
SPOONER and FYFE, 19 7 3)
b) Fixation of alkaline metals
b.l) K-enriched spilites
3CaMgSi2Og + 3C02 + 2H20 = 3CaC03 + Mg3Si205 (0H)4
+ 4Si02 (sol)
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T-ARLE-/.3‘ Chemical Analysis of the Doleritic Sill I n t e r ­
cepted by Drilling at Garrochal.
Sample No GA6-1 GAS'-5
/
— -J3A6-6 GA6-9 GA6-10 GA6-17
SiC^ wt% 43.96,/ 48.01 47.11 46?94'''--^46.61 48.09
Ti02 2 . 12 ?*21 1.98 2.07 27l7T— __1. 79
Al2°3 14 ."07 14.95 14 . 29 14.77 14 .68 15.58
Fe2°3 • 2 . 87 1.87 1. 98 2.30 • 1.54 1.81
FeO 7 . 53 11.36 8.94 9.17 10. 01 7.95
MnO . 28 .22 .23 .22 . .21 .25
MgO 4 . 43 9.59 8. 51 < 8.97 8 .02 7.99.
CaO 10.49 1.35 9:2 3 6.82 _ 6.93 7.87
Na20 N.D. 1.51 1. 87 1.90 1.95 1.51
K2° 1. 97 N.D. .01 .11 N.D. .51
P,Oc . 17" .16 . 16 .14 .13 •122 5 
L.d. I. 12.05 8.60 5.65 6.35 6.57 5.73
Li' ppm 78 128 65 67 63 51
Rb 72 3 4 12 5 21
Sr 108 70 103 142 - 177
Ba 217 N.D. 35, 66 - 211
Sc 42 53 35 38 - 32
Y 41 43 - 41 43 - 35
Zr 144 154 140 139%  . 125
Nb 2 5 3 3 , - 2
Cr 229 263 264 259 - 254
Co 34 55 ■ 63 60 58 52
Ni . 50 55 122 110 - 90
Cu 2 •34 53 86 44 56
Zn 40 73 73 62 96 63
♦
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TABLE 4.3 continued
S'
Sample No GA 6-22 GA6-24 GA6-2 9 GA6-32 GA6-34 GA6-35
SiC>2 wt% — 48.41 49 .35 47 . 93 4 48.69 45.43 45.04
Ti°2 * 1.99 1 .86 2.42 2.35 2 .46 2 .49
Al2°3 15.08 14 . 22 14 . 25 13 .10 14 .73
14 .84
Fe2°3 1.90 1 .69 1.60 1.63 3.01 3 .51
FeO 8.99 •7 .83 9 . 87 10.22 9 . 02 8 .24
MnO . 24 .25 . 20 .17 .17 .18
MgO 7 .90’ 8 .10 9 . 85 9.68 9 . 66 9.87
CaO 7.83 9.55 3.73 4.79 4 .76 5.07
Na20 2.75 2 . 34 2.2 4 . 17 . 30 .53
K 0 .25 .56 .31 , .5-9 1.07 1.15
P2°s .14 •13 .19 . 21 . 20 • .19
L . O ; I . 5.43 4.12 7 . 22 8 . 64 9.30 9.27
Li ppm 48 38 53 63 65 76
Rb 15 17 7 24 32 45
Sr 170 179 83 40 83 60
Ba 77 184 75 61 118 104
Sc 38 47 53 54 53 -
Y 42 39 45 45 50 47
Zr 145 132 170 159 160 170
Nb 3 2 7 5 4 6
Cr 231 - 240 222 258 258
Co 56 44 54 43 45 40
Ni 50 — 25 35 36 36
Cu 5-3 60 .42 45 47 35
Zn 59 56 66 60 57 45
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FIGURE 4.10a, Selected major and trace element varia­
tions in the dolerite sill intercepted 
by drilling at Garrochal.
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TABLE 4.4 Chemical Analysis of Mafic Meta-volcanic Rocks 
' f r o m ’the Iberian Pyrite Belt.
Sample No •
1
538-14
.2
54'7 - 37
3
' 548-2
4
548-8
5
548-23
’"6
E- 2 3C
Si02 wt% 44 . 52 37.35 39 .41 33 . 36 4 0 . 24 50. 30
Ti02 2 .82 _ 4.05 1 .73 1. 47 2 . 55 1 .76
Al2°3 15.17 17 .77 9.69 9 . 08 14.03( 15 . 81
Fe2°3 3.36 13.73 3 . 63 4 .39 3.46 2.21
FeO 7 .84 3.33 1 . 88 1.95 7 . 20 6.70
MnO .17 .06 . 08 .16 .15 " . 16'
MgO 9. 31 1.67 3 . 52 4.26 1-4 .03 6 . 72
CaO 7 . 9-2 8.25 20.33 .24.97 4 . 90 10 . 1-1
Na20 1.71 .37 2 . 15 .94 .43 2.49
k 2o 1.86 3.66 1 . 85 4-29 1 .38 . 35
P„0C .47 .62 . 55 .56 .38 .162 5 
L.O.I . 5 .03 8.54 14 . 94 18.25 i 0 -03 3 . 85
Li ppm 54 35 — - 67 33
Rb 30 102 "28 28 <P15 16 '
Sr 766 111 147 319 125 312
Ba 1181 405 290 99 - 216
Sc 24 - - - - 30
Y 27 23 16 17 18 34
Zr 161 216 116 103 177 14 2
Nb 57 75 43 36 58 5
Cr 291 ‘4 08 165 '• 122 331 249
Ni 195 179 116 94 234 70
Cu 64 9 24 15 42 42 •
Zn • • 44 44 ■ 22 27 • 45 44
1 - Less Altered Upper Mafic Lava
2 - <Hematite rich Upper Mafic Lava
3-4 - Cabonate Rich Upper Mafic Lava 
5 - Chlorite Uich Upper Mafic Lava
£ - Less Altered Low£r Mafic Lava ■
7-8 - Pumpellyite/epidote rich lower mafic lava 
9 - Chlorite Rich Lower Mafic Lava 
10-11 - Na-Rich "Spilites"
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TABLE 4.4 continued
3 3 3
Sample No E-23D E-18D E-13D ■559-100 559-104
Si02 wt% 54 * 26 53 . 9p 4 5'. 14 54.75 52.55
Ti02 1.73 ^ < 0 4 2*06 1 .58 r. 3 0
A l 2°3 14 . 34 14 .14 17 . 36 18.74 16. 04
F e 2°3 1 . 86 4.68 4 . 36 2 .64 9 . 01
FeO 5 . 86 3.76 5 . 89 1.65 2.11
‘MnO , , 10 .12 .23 .21 ^ --rl-9---
MgO 3 . 69 2.69 10 . 03 1.60 1.67
CaO 11 . 93 13.48 2-7? 5.83 5 . 35
Na.O
 ^ *
3.01 .15 2.12 6.40 6 . 20
k 2o N.D. .-6 6 1 . 88 . 62 ‘.13
? 2°5 .*L9
.•15 , ' -17%
.13 . 12
• o ♦ H » 3 . 21 5. 03 7 ."33 ' 4 . 51 4.87
Li ppm . 11 12 ■ 51- 23 ^ 26
Rb 2 23 . 29 2 4 - 7
Sr 55 89 , 50 273 199 1
Ba N.D. , 52 100 117 62
Sc - - - - — -
Y ' 30 21 35 25 27
Nb . 4 • 3 • 6 8 4
Cr 101 155 2 53 243 207
Co 42 31 53 41' 33 . - .
Ni 2 3-' 21 £1 40 39
Cu 2 5 60 5
Zn 39 30 21 51 41
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CaAl2Si'20g + C02 + 2 h -20 = CaC03 + A l 2Si205 (OH) ,
. % 
2Mg3Si20 5 (OH) 4 + 3Al2Si2O s (OH)4 + K 2C03 (sol) =-
2KMg^lSi40 1 Q (OH)2 + 2Mg2A l 2Si05 (OH)4 + C02 
3Al'2Si20 5 (QH) +.K2e03 (sol) = 2KAl2 (AlSi 0 1Q)
(oh)2 + qo2 + 4h2o 
(FYFE, 1974),
KA12 (AlS.i-3O 10) (OH) 2: +2K+ +6Si02 (sol) =3KAlSi3Og\ 
+2H+
(HENLEY, 195S)) ' ' ' ‘ '•Si,
b.2) Na-enrich^d spilites
CaAl2Si2Og + 2Na+ + 2C1- ^+ 4Si02 (sol)/=
2NaAlSi3Og + Ca2+ + 2Cl‘
• c) Leaching of transition metals ^  . :  /  .
MO(solid) + 2HC1(sol) = MCI2 (sol) + H 20 
, *
(see CRERAR and BARNES, 1976)
j Thus, as av result of deep penetration into heated 
, volcanic .rodks sea water pl^anges from an oxidizing
slightly alkaline solution to a reducing sligj^bly .acidic 
solution characterized by high concentrations of dissolved
' ’ N. * • '
' 4'
• 1 « •
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jinetals (BJORNSSON et al.’, 1972’; SEYFRIED and BISCHOFF,
197 7rT^^ransivtion metals are leached from the volcanic
rocks and transported/ probably as metal halides toward
the venting area of the hydrothermal system. Here the
reduced brine reacts with cold, unmodified sea water with-
consequelYt precipitation of highly insoluble iron and
4* *
base metal sulphides (see HEGELSON, 1970; HUTCHINSON, 
et a l ., 1980).
, v r
t « ! ** t ^
4.3 Na/K RELATIONS IN FELSIC ROCKS
P
4.3.1 Introduction ' ' & . .
Most o f  "the literature concerning spilites has been 
concerned with rocks derived from basaltic composition
(AMSTUZ, 1974). It is now well established that
# * * 
basaltic spilites-are the product of the interaction of
sea water with’ basalts, a process that is the natural
« 'cr-
consequence of cooling hot basaltic liquids in a°sub­
marine environment (SPOONER and.FYFE, 1973; FYFE and 
LONSDALE, 1980). The -general situation of the process,
<9 •
regarding the Iberian Pyjfite Belt basaltic spilites, has
*been summarized inthe previous section of this study, 
o • '
Less commonly in modern situations felsic igneous
rocks may be involved in seafloor processes. But in the
* V 5
typical Archean terrains many~'felsic extrusives and 
intifusives are emplaced in submarine environments’ (FYFE^,
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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1978; FRYER et a l . , 1979) . It is thus important to 
recognize how these rocks, essentially in the system 
Ab-Or-Qz respond to sea water flow.
i
The Iberian Pyrite Belt felsic igneous rocks were 
emplaced in" a submarine environment and, like the rrfafic 
volcanics, they suffered extensive hydrothermal alteration 
reflecting large scale0 sea water-rock interaction during 
the cooling stage- of the volcanic pile. As a consequence 
their mineralogical and chemical compositions'have been 
changed;- specifically, Na and K abundances show a very 
wide range of values (fig. 4.11) , from about 8V  Na^O ^
and'N.D. K^O to about 11% K^O and .11% ^ 2© which 
reflect the actual variable modal proportions of 
secondary albite and K-feldspar.
* y
Archean felsid igneous rgcks show often' relatively
High Na_0 contents, but high K_0 enrichment has been
* &  c * 
rarely observed. , ■<
0
The objective of this section is to interpret the 
Na/K relations dpring sea water-felsic volcanic rocks 
interaction and to discuss the contrasting behaviour of 
Na and K in Archean and more recent hydrothermally altered 
felsic volcanic rocks.
4.3.2 K-epriched rhyolites from the Cercal-Odemira
t
region (Iberian Pyrite Belt)
The geology, petrography and igneous geochemistry of
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the volcanic rocks studied here were described by CARVALHO 
(1976) and in section 3.6 of this study.
, The rocks are massive, fine-grained and have typical
— s
textures of felsic extrusives. However, the mineralogy 
is now almost entirely made up of adularia plus quartz, 
and K-feldspar is observed replacing plagioclase pheno- 
crysts (Plate 6A). X-ray patterns of the feldspar
TS
are typical of low-temperature K-feldspar (fig. 4.3)'.
Chlorite and pyrite occur as disseminations, mainly along
bedding planes. As with low-temperature basal,.t alteration,
o
hematite is well developed in fracture systems (Plate 6B).
Chemical analyses of the rocks are reported in
Appendix II,»and representative examples are provided in •
table 4.5. The striking feature of these data is the
virtual total substitution of K for Na (see fig. 4.11).
/  *
At the same time some elements such as Mn and Zn are
removdd from the'rocks.
It^ppecirs that the following reaction has taken
place: K-+ (sol) + NaAlSi^Og = KAlSi^Og + Na+ (sol). This
reaction has a aG = -3959 cal and AS = -8.57 cal
(HELGESON et al., 1978). The low temperature equilibrium
+ 2.9
‘'constant for this reaction is: K = aNa+/aK+ = 10
(25°C) and given that sea water contains Na at 10.5 g kg 1
(.46 molar)', and K at 0.38 g kg-1. (.01 molar) it is clear
«
that adularia is the fa'voured species at low temperatures,
and at (temperature up to about 145°C (see fig. 4.12)^. Thus 
*
* _ 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 4.5 Representative Chemical Analysis of K-Enriched 
Felsic Volcanics from the Cercal-Odemira Region 
(Iberian Pyrite Belt) and of Subvolcanic to Ex­
trusive Porphyries from the Abitibi Belt (Canada).
Iberian Pyrite Belt
Sample No 544-2 - 544-11 544-15 544-21 544-25
Si02 wt% , 78*87 77.08 75.53 74 .43 75.57
TiC>2 N.D. .07 .10 .12 . 09
Al O 9.88 11.47 10.54 12 .64 10.53
Fe2°3 ■ .84 .09 . 63 . 03
3.42
FeO . 50 - .76 .12 .'12
MnO .01 .001 . 008 . 001 .006
MgO .10 N.D. .02 N.D. N.D.
CaO . .11 - N.D. N.D. N.D. N.D.
Na2°
1.72 .09 .23 . 11 .43
K O 2 6.63 9.83 8.40 10.75 1
8.73
P2°5 . N.D.
N.D. N.D. . . 004 N.D. '
L. O «X. . 98. .95 .65 . 63 .73
Li ppm — N.D.' 6 ' N .'D^ 7
Rb 166 . , 227 219 261 225
Sr 23 ' 35 11 29 12
Ba 277 513 474 605 426
Y 68 82 106 113 91
Zr 1 201 275 419 444 385
Nb 51 71 49 51 40
V 30 - - —
Cr 8 1 N.D. N.D. I ■
Hi N.D. 10 10 <1 N.D.
Cu tr 2 23 16
ZQ,
Pb
— 31 12
- *l 2
Th
* -
•
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TABLE 4.5 continued
Abitibi Belt
Sample No 3B 35L • 38 5YA PM IA SYA
Si02 wt% 65.89 70.18 66 .15 66 .60 61.61
Ti02 .45 .24, .36 . . 3>2 .53
Al2°3 13.38 15.14 13.60 15.90 17 .36
F e ^ ^  * 4.84 1. 94 .16 - , 2 .67 3 .90
FeO - - - - -
MnO .06 .024 .03 . 04 .02
MgO - 1.66 .84 1.22 1.70 .73
CaO 2.63 1.76 2.14 .82 .90
Na20 .5.77 6. 90 7.84 • 8.76 9. 53
k 2o 2 .83 1.34_ .13 .'2 8 .16
P2°5 .06 .09
- .14 .04
L.O.I.i .91 2 . 37 7 .24 1.15 6.09
Li ppm — - - - -
Rb 51 13 11--- - 12
_  "Ikf
Sr 484 135 404 - 407
Ba - - - - —
Y 15 6 10 - 11
Z t 133 68 174 i 221
Nb 23 - 27 - 44
V 27 24 13 M 32
Cr 126 23 24 A 59
Ni 70 12 20 43
Cu 8 4 7 5
Zn ■ 28 20 10 , 11
Pb 20 - - - —
Tn - - 8 - 10
I
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the observed extreme potassium fixation is exactly as 
expected, BLOCH and BISCHOFF (1979) have shown that when 
saline fluids react with basaltic rocks at low temperatures 
K is fixed while at elevated temperatures (above 150°C), 
sodium is fixed (see'also KASTNER and SIEVER, 1979; 
J0RGENSEN, 1981).
It is possible from the above considerations to 
estimate mirfimum values for the volume of sea water which 
must have passed through these rocks. Consider 100 g of 
initial ’rocks with N a 20/I<20 = 1, then 100 g of rock with 
3 g of Na has had about 5 g*£>f K added. As the K 
content of sea water is 0.38 g kg at least 10 kg of 
sea water has reacted with the rock givi-ng a water/rock 
ratio of 100:1.
The above observations raise the obvious question 
as to why albite is the characteristic mineral of most 
low temperature b a s a l t .alteration processes while it was .
i
suggested that K-feldspar is the stable phase with - 
excess sea water. This apparent contradiction can be 
explained as follows:
a) The total amount of fluid that convects through 
seafloor rocks is limited by thermal energy and, on 
average, a ratio in the order of 50:1 is an upper limit 
(FYFE. and LONSDALE, 1980) .
b) When cold sea water enters reactive (partly 
glassy) basalt two main initial reactions result:
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
1) plagioclase albite
2) Fe-Mg phase -+■ K-rich smectite
As shown by Andrews (1978), the smectite phases often
contain up to 7% Thus K is stripped from the input
waters in smectites, and at deeper levels only albitiza-
tion can dominate. When the primary rock .-{rhyolite) lacks
sufficient Fe-Mg phases this process does not eliminate'
potassium and adularia is formed.
^ ----
4.3.3 Comparison with Na-enriched felsic volcanic rocks
It was noted that- for some Archean felsic rocks 
intruded .in a submarine environment strong sodium enrich­
ment (see fig. 4.11)'is observed. Major and trace *
element abundances for ten selected examples of sub- 
volcanic to extrusive'quartz-feldspar porphyries from 
the Abitibi greenstone belt (-2.S Ga). are reported in 
table 4.5. In these rocks albite is the sole feldspar 
present, and Na20 ranges from 5.8 to 9.5 w t . %•; hence 
there exists a pronounced sodium enrichment compared to 
"typical" trondhjemitic felsic igneous rocks in green­
stone belts (5.2 w t . % Na2G; CONDIE, 1976). The por­
phyries exhibit several additional chemical features of 
hydrothermally altered rocks, including in general/% 
oxidation, together with depletion of Mn, Cu, Pb, Zn and 
in some examples V (table 4.5).
There may be several reasons for this contrast with
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
the potassium addition in 'more recent felsic volcanics. 
First the-typical cover rocks of granite-greenstone 
terrains are dominated by basic rocks so that K may be 
stripped from sea water during downward penetration 
through this cover, as discussed above. Second, it has 
been shown by VIEZER and JOHNSON (1979} that the K/Na 
ratios of Archean sediments and hence the K content of 
ancient sea water may also have been lower. Third, the 
temperature of ancient oceans may have been higher (see 
KNAUTH and LOWE, 19 76; COSTA et a l ., 19 80) and this would 
favour albitization. A combination of the l a t t e ^ w o  
influences may well account for the observation but 
much further research is needed before fiirm conclusions 
are drawn.
4.3.4 Oxygen Isotope Geochemistry
The 6180 values for 9 whole rocks and 22 mineral
separates are reported in table 4.6. Adularia-bearing
rhyolites and the Archean sodium enriched porphyries
have whole rock oxygen isotope compositions ranging from
+11°/ to +14.3°/ . TAYLOR (1968) has demonstrated
o o  9 0
that fresh rhyolites have whole rock 5-values of +^°/00
18to +9°/ . The extensive enrichment in O recorded for
' 0 0
the hydrothermally altered felsic volcanic rocks is 
attributed to oxygen isotope exchange with ocean water 
at low temperatures (see^SPOONER et a l ., 1974).
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Adularia exhibits relatively uniform 6 1eO values at
j
+13,8 / 0 0  to +14.3 / and is consistently heavier than* •
whole rock values such that A ^ , . = -2.7°/q u a r t z - a d u l a n a  oo
to -3.8°/ . The ambient temperature at which-the
adularia forming reactions proceed may be estimated by 
extrapolating the alkali feldspar-water fractionation
c-
e q u a t i o n  o f  O ' N E I L  a n d  T A Y L O R  ( 1 9 6  7) t o  l o w e r  t e m p e r ­
a t u r e s ,  a n d  a s s u m i n g  a  6 - v a l u e  o f  - 1 ° /  f o r  o c e a n  w a t e roo .
(the calculated 6 1sO Qf ocean water in the atRsence of 
an extensive icje cap)* (see KNAUTH and LOWE, 197 8) .
These- .c-alculations yield temperatures of 120°C to 130°C. 
If the empirically determined quartz-alkali feldspar 
fractionation equation of Blattner (1978) is combined 
with the low-temperature quartz-water equation' of
e
MATTHEWS and BECKINSALE (1979) then .temperatures in the
order of 90C>C to 100°C are obtained.
The 6 1 80 of albite1 in the Archean sodium-enriched
quartz-feldspar porphyries ranges from +10.4°/oo to
+ 12.3°/ , and A . .... = -1.1°/ ^ tof +2.0°/ .o o  q u a r t z - a l b i t e  o o  c o o
.If the albite-water oxygen isotope fractionation equation
* n
of O ’NEift/and TAYLOR (1967) is extrapolated to lower 
temperatures, and if it is assumed that the albite grew 
in isotopic equilibrium with ocean water of '•“1°/0 0 ' then 
the albite-water fractionations correspond to ambient
temperatures of 140°C to 230°C. At these temperatures
&  -
K-fixation should not occur.
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
v-V’-'
: ~Si ■»<*'& ~* *■ S i A i- -~vii‘J.
iA* *c f ■'-Vv ^*4«r^O {<'.£-' &
t- -r*^ '# '%#•< %? ^  v&i-f '*- \ j \* »  .* - '-*-.,vv -*-»•’i ;>*■\'~v^ --yt&<*'} sivcw?'j^ r'SjiAjT. •
In both the adularia and albite-bearirig rocks the
18 .
O of quart2 is more variable than that‘of feldspar, and
is enriched by *^-°/00 to +6°/ .compeared £o igneous
■quafiz in rhyolites. This enrichment may indicate
partial approach to dKygen isotope equilibrium with ocean
0 "  ^  * 4
water (see also CLAYTON et al., 196 8; CLAYTON and 
STEINER, 1975) at the low inferred'temperatures.
4.4 MASSIVE SULPHIDE ORE DEPOSITION'-
\
4 .Si. 1 Introduction * . .
C
Since,- the exhalative theory of aqueous metal transport
* f>
into the seafloor environment was first suggested by
<• V
OFTEDAHL (1958) it has been applied widely, .and has 
* 9 *
gained general acceptance -in explaining the origin of
<*
* massiv^ base metal sulphide deposits. ' , ^
Massive sulphide* deposits are presumed to form when'
’ a hot-spring system releases .hydrothermal solutions into
sea water. The ascending brines alter and mineralise the 
« * * . * '  ' - 
countr/ rocks tOy^form the disseminated or stringer zone
*
and upon discharge into sea water precipitate the massive 
sulphide bodies as chemical sediments (see FRYER and
v*
HUTCHINSON, 19 76) . The sedimentary nature of the massive'
I *zones.is suggested’by their conformability,„th^ar assoc­
iation with detrital as well as chemical sediments and.
*
the presence of internal sedimentary structures (HUTCHINSON
o  a . •
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
and SEARLE, ^M71; HUTCHINSON at al., 19 71; CONSTANTINOU 
and GOV^TT,' 1972 ;^MATSUKAMA, and HORIKOSHI, 1970). "
The ore formi^j solutions may result from either 
dif ferehtiatiop* of a metal—rich' chloride-brine from a
V M  , * a r
t magirfa or. circulation of a fluid, magjnatlc or non-
macpmatic, through rocks and subsequent ^ ^icrval of metals
from the rock phases/(tee LAMBERT and SATO, 1974).
' <■
Although a n y 'given ore-forming fluid mayabe a mixture
* 4
of non-magmatic and magmatic fluids., isotopic e’Vidence
* from* massive sulphide' deposits .suggests that the. hydro- 
<• ^
thermal mineralizing solutions were dominated by sea
* * ' * * e *- „
water , (OHrfbTO et at.,. 1970; SASAKI, 1970; KAJIWARA,
- J ^ .
1971; .OHMOTO and RYE, 19 74; RYE and OHMOTO ,' 1974 ;’
*» . . . ■*
r
s HEATON and SHEPPARD * 1^77; RIPLEY and OHMOTO, 197TR
SPOONER.and^BRAY, 1977).' . Comparison of the chemical
‘■compositions of fresh^ and altered dee'p-sea basalts leads
*
 ^to the propo'siiidri that interactions between sea water 
_^and ffeasalt’ are capable of generating metal&rich ore
4 *
forming solutions (CORLISS ,. 19 71; SPOONfJR and FYFE, -
 ^ c '
' " 1973)., and d similar mechanism has al?o. been suggested
* ' -
as the'source of riietals in massive sulphides associated 
with felsic* roc&s , (OHMOTO 'arid RYE, 1974) . «v ,
c * n ,
4 / * * ’ » „  *
J Oceanographic, geochemical and geological invest!-^
‘ ’ v - . *■ :1 ' gafions abdut the 'role of convective—circulated sub—
*  ■ • ' '  ■ .
sea4?looY brines, that are potentially .involved in/.the
 ^ * process of tfietai transpoi’t and concentration, have'
* *• . - - A ’. ‘ * ’ ’ ' <
. * * '■* * 'V. • . _rh-nr.i  m. . .
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recently been reviewed by FYFE and LONSESALE (1980) and 
HUTCHINSON et al. (19 80). The available eyidence indi-
e t
cates that, if favourable conditions are present, sea" 
wat^er "can circulate through volcanic rocks-, alter the
' A *
rocks and derive metals from them and later flow out 
onto the sea floor and form ma'ssive sulphide d e p o s i t s . .
I.
The- objective of this section is to describe jand
4 _
interpret 'various aspects of RBE, and sulphur and. oxygen
isotope geochemistry of the sulphide ores, in an attempt
■ * • - »> - * ,ft - <
to relate the massive sulphide ore formation with t h ^  
general hydrothermal activity process'in the Iberian 
• Pyrite Belt. * . . .  * *  ~ ®
• - v
^  ^ " *
4.4.2 Outline of ■ the .PyrJLte Belt Ore Deposits
' A
* The I b e r i a n ,Pyrite Belt represents one of E u r o p e ’s
/ ■ ’ • ‘
most p r o m i n e n t 'm e t a H o g e n i c  provinces, as .well as one1 of
its oldest mining districts^. The total reserves of the
Pyrite Belt, are estimated* to have been in excess of 1000
. mi-l-lipn ^ tons of'jjiassive st^phide ore§ before modern
* , ‘ * , * ** ' ^ 
raining s t a rted some 60 years ago {.STRAUSS et a l . , 1977) ?
to^date about 250 million tons have been mined.., The- most
Tt ' * ** „
important mines are (see'fi-g., 4.13} Aljustrel (250 m.t.) , 
Neves-Corvo (100 m.t.) and Lopsal (2.0 m.t;) in Portugal,
and Tharsis ' (120' m . t . Y ,  La Zarza (.60^mTt.), RidjTinto
; ‘ ‘ • .
^ ( 5 5  m.t.) Aznalcoliar (,5d m.f.) /and Sotiel j(4f> m.t.) in
-V * ^  * ASS »
Spain., (these reserves do not- include stockwork type ores)
* ‘ " V  ' •' J:t * ~
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FIGURE 4.-13, Location of the principal massive sulphide mining districts 
in the Iberian Pyrite Belt.
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Average massive sulphide ore grades range from 44— 68% S,
39-44% Fe, 2-6% Cu + Zn + Pb,- 3-.5% As, .^-1.5 g/ton
Au and 5-30 g/ton Ag (STRAUSS et al., 1977). Other ore „
t y p e s ,geologically associated in time and space with the
*
sulphides, include several hundred,v mostly small—sized,
’ ** m \ '
manganese mineralizations which were worked * in the past.
The stratiform pyrite deposits are always linked to 
the submarine felsie'volcanism arj^ | w H ^  mostly formed at 
its- final stage (CARVALHO, 1979). Massive sulphide 
bodies are typically lenticular in shape and composed
ik» 1 ** /
mainly of pyrite with lesser amounts of c h a l c o p y r i t e ,
sphalerite and galena. In space they are confined to
the vicinity of the extrusive centers, either lying
1t >
directly on felsic Tpyr'oclastic rocks (authochthonous 
* ’ vor
deposits;* Feitais-Estacao (Aljustrel), S. Domingos, 
C h a n c a , La Zarza, Planes. San Antonio (Rio Tirito)^ , ,
or sometimes, interbedded in black shales (allochthonous 
deposits; Lousal, San Guillermo^North Lode (Tharsis)).
ft* If
Authochthonous massive ores, are often underlain by
stockwork ores which are interpreted as the hydrothermal 
*
feeder channels of the sedimentary sulphides (WILLIAMS 
% r 1
et al., 1975; GARCIA PALOMERO, 1977); stockwork minerali 
zation is always V ^ c o m p a n i e d  by a strong F e , Mg-^ctnd Si- 
met as omat ism (see SOLER, 19744— -S C H E R M E R H O R N , 197 8) '’and; 
as a consequen.ee, . the f o r m e r ’felsic tuffs are converted 
into nearly pure chlorite-quartz-sulphide rocks.
Reproduced with permission of the copyright owner. Further reproduction prohibited w ithout permission.
Allochthonous crrebodies show internal layered structure
and characteristically display detrital sedimentary
*. *  * -—'
textures (synsedimentary breccias, slumping, graded
*■ t
bedding, load casts, etc.; see MADEL and LOPERA, 19 76)
✓
which indicate resedimentation of the sulphide material, 
thus implying'that. pyritic deposits formed previously
* x
were exposed to submarine erosion and its material ?i
— *
transported into newly formed depressions (SCHERMERHORN,
1970b; 1971b). '
, The Pyrite Belt deposits', like many o'the.r massive
*
sulphide bodies elsewhere, may exfiibit mineralogical
k* /  <■
zonation from stratigraphic ffootwall to hanging wall
! ’, ■
(see WEEB, 1958; E E C O L L E , 1977; GARCIA PALOMERO, 1977).
“ * i
Chaldopyrite (± minor magnetite, and rare pyrrhotite) tend , \
< » .
to*be concentrated at the base of the massive sulphide 
, lens or within epigenetic stringer zones below the lens. 
Passing upward (and/or stratigraphically along strike, 
away from the stringer zones) the chalcopyrite/pyrite 
*ratio decreases, and the top (border zones), of the 
sulphide orebodies are oftaracterized by sphalerite- 
galene (± barite) rich mineralizations. Some deposits
r
(e.g. -San Miguel, San Telno, Lomero-Poyatos (Spain) 1 
are s^verlain by monomineralic (± minor galena) barite
j * •
ore which is capped b^ chert carrying fine grained 
magnetite/hematite and pyrite or manganese c a r b o n a j ^  
silicate/oxides'. Not only the relative mineral abun-
* .  ^ "
 ,    a --------------
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dances change, but also preliminary'microprobe data 
(fig. 4.14a,b; see Appendix III) -repeal's-signi f i c a n t , 
stratigraphically controlled, compositional variation
in sulphide and, gangue minerals, within the Pyrite Belt
*■ *% -
ore deposits. In particular, the upward decrease of 
Fe/Mn ratios in carbonates and chlorites and of FeS 
contents in sphalerites, as well as late stage' preci­
pitation of sulphates and extreme Fe/Mn fractionation 
on passing from the sulphide' ores to the over'lying 
Mn-cherts. (see also SILVA, 1956) suggest that during 
metal deposition the hydrothermal mineralizift^solutions 
moved down along geothermal gradient(s) acquiring
r"
progressively higher oxidation potential, possibly due
/
to mixing with unmodified sea water (KRAUSKOPF, 195 7;
*
BARNES and KULLERUD, 1961; HELGESON,. 1970; KAJIWARA,
1974; LARGE, 19T6). » ^  '
Accumulated geological observations have suggested
%
that following (of-during the late .stages of) a certain
cycle of felsic volcanic activities, hydrothermal ore-
> 1 *
'solutions moved up along fissures in the volcanic rocks,
and -that the Pyrite Belt massive sulphide ores vere formed
as sediment.S, on unconsolidated pyroclastics or mudstones, 
» * ' , , ' *
under marine conditions (KINKEL, 1962; RAMBAUD*^ 1969;
, ' 1
.STRAUSS, 1965; SCHERMERHORN, 1971b; BERNARD and SpLER,
1.974),. * *
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4.4.3 Rare Earth Element'Geochemistry
The fractionation of the rare earth elements (REE)
fe.
relative to one another h^.s been used in attempts to
trace the -alteration reactions which take* place within 
— *
hydrothermal systems during the formation of massive
** . -
. sulphide and other metalliferous deposits, and to identify
the sources of these materials (BEMDER et al., 1974;
DYMQND et al., 1973; BONA T I ,et al., i976; ROBERTSON and 
FLEET, 1976; GRA*E, 1977; A D D Y , ■ 1979). With this in view,
2 samples of stockwork ore, 2 samples of Pb —rich massive
sulphide ore, 1 Mn-rich chert and 1 magnetite-rich chert
t ~
were selected for REE analyses. The measured REE c on­
centrations, together with some major and other trace 
element data are listed in table 4.7. REE patterns are
shown in figure 4.15.
a) Stockwork ore samples correspond to chlorite- 
rich rocks containing variable amounts of disseminated 
pyrite, chalcopyrite and sphalerite, and represent former 
footwall felsic tuffs that have been altered by inter­
action with, the hydrothermal mineralizing solutions.
These samples have similar absolute REE abundances, but 
display* relative Eu depletion and heavy-REE enrichment , . 
when compared to other, non-mlneralized, felsic volcanic 
rocks from the Pyrite Belt. Suck chemical changes, which 
seem to be characteristic during chloritization of felsic 
O rocks (see ALDERTON e t ; a l M( 1980L, must be related to the
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission
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TABL'E 4.7 Iberian Pyrite Belt Ore Analysis
1
1 2 3 4 5 6
’Nj
Si02 wt % 73 . 54 58. 43 32. 52 30. 10 - -
Ti0.2 . 04 •01 •19 . 26 - -
A l 2°3 .98 * 05 10. 28 20. 92 - -
F e 2°3 24 .17 ♦03 36. 64 28 . 41 - -
MnO . 05 31. 93 ’ •17 .25 - -
MgO N . D . .71 3 .63 13 . 50 - -
CaO N . D , N . D . N . D . N . D . - -
N a 2° ■ N . D . .10 •15 -.10 - -
K 20
1
.01 * •09 •25 N . D . - -
P 2°5 . 05 N. D  . N. D . N . D . — —
€r ppm 19 25 • 13 20 — —
Ni . 10 64 25 10 -- -
Co 38 57 106 54 - -
Cu 45 110 - - -
Zn 92 - - - - -
Pb 9 22 755 10 • — —
Rb 5 7 8 2 — —
Li, - - 92 150 - -
Sr ' 13 787 7 3 - -
Ba 107 2680 81 U . D . — —
Zr 13 23 167 334 — —
Nb 18 20 15. 21 — —
La 6 . 69 42". 1 28 . 1 50 . 6 .44 1 . 64
Ce 12.3 '  41. 2 60. 7 ""104 . 9 -1 . 54 3 .98
Nd 4 .87 34. 6 • 29 . 7 55.2 • 1.15 2 .  07
Sm .99 7. 20 5. 81 10.9 .24 . 41
Eu .38 6. 34 *61 .89 . 5$ . 31
Gc .83 7 .85 5. 77 8 .22 .30 . .31
Tb .10 1 .43 1 .14 •N 1.21 s -
Yb .50 3. 72 . 5*78 6.86 ,2.00 1.43
1- Magnetite rich chert: Lagoas de Paco (South Portu;gal) :LP-1
2- Manganese rich chert: Lagoas de Paco (South Portugal):LP-2
3- Stockwork Ore ^ ftMol^iho (Aljustrel, South Portugal)
4- Chloritite : Estacao (Aljustrel, South Portugal):S 1-2
5- Pb-Rich Massive Sulphide Ore: Estacao (Aljustrel, S Por­
tugal) : S-20
6- Pb-Rich Massive Sulphide Ore: Estacao (Aljustrel, S Por­
tugal) : S-21
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FIGURE 4.15
✓
Chondrite-normalized REE patterns for 
Iberian.Pyrite ore samples. 1*- 
Magnetite rich chert; 2 - Manganese 
rich chert; 3 - Stockwork sulphide 
ore. Dashed REE pattern corresponds 
to a non-mineralized rhyolite.
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destruction of the feldspar phases during stockwork
- * * 2 +mineralization with consequent release of Eu (and Sr;
see table 4.7) into the hydrothermal solution.
* \ ~ ■     ' -
, b) Pb-rich massive ore (pyrite 4+ galena + sphaler­
ite + barite^± quartz ± calcite) samples, have low REE 
abundances. However, -because of the lack of chalcophile
i
character of REE (Morgan and WANDLESS, 1980), it is most 
likely that the REE patterns in,these samples are' due 
predominantly to the associated gangue minerals and hot
v »
to the sulphides themselves. ' The analysed samples
display the concave upward "V" pattern of.^are earths in
sea water (HODGAHL et al., 1968) which seems suggestive
of a sea water lanthanide input. ,Major exceptions are
that Pb-rich massive sulphide ores lack the negative Ce 
A ■>
anomaly of sea water and show sharp Eu positive anomalies; 
all these features are typical of REE patterns of'' marine 
barites formed under relatively reduced conditions (see 
CHURCH, 1979). GUICHARD et a l . (1979) explained the lack * 
of Ce anoipaly by sugges^^g that barites are more 
effective in absorbing Ce or its sulphate complexes
relative t<3 other deep sea authigpnic phases. In the ' »
/
case of a positive Eu anomaly1, however, .one cannot di’s- 
tingqish whether'the bari/te-forming solution was already
Eu enriched, ,or whet)ieo?^he actual barite crystallization
1
promoted Eu removal from solution due tp precipitation of 
EuS04, which 'taasya solubility very similar to BaSC>4 "
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(GRAF? 1977); nevertheless,, the.evidence presented here 
for selected Eu leaching from footwal.l volcanic rocks and
the large positive Eu-anomaly in Mn-chert, which lacks any
*
/ specific Eu carrier (micfoprobe analyses • show. that Ba is
* *
, ' f
contained in Mn-oxide minerals), ihdicate that the Eu
v r "'"r—'
positive anomali.es observed in'the Pyrite Be^t ore samples 
did not result exclusively from fractionation during 
precipitation but must "also reflect (being enhanced "by)
m* *
previous, Eu enrichment i‘n the hydrothermal mineralising
-o r ’ i
» ~
solution.
i **•
* c) Mn-.and Mg-rich cherts*" ‘The concentrations' of
' . s ' *
REE and minor,metals, .such as Ni(, Co, Cu, and Ce, inQ„;. ...
* *
the Pyrite Belt Fe^, Mn-rich cherts", are low .when com-
* *
pared yith "hydrogenous" ferromanganese deposits formed
* r> *
r •
i't the present oceans by slow precipitation. from normal
< * *
sea water (see ADDY, 19 79) ; however, they are1in. the same
' ‘ * , .
y * i? ?
range a's that of hydrothetmal metalliferous deposits
\ - ' / 1 
(see t'hble 4.^; compare BONATTI, 1975) ... The concentration
of Ba is highest in the Mn-rich f'ample? Covariatioh of
u * * ' ••
'i *
Mn. and Ba'is^also observed in oceanic hydrothermal^ 
deposits (BONATTI et al., 1972)i j
y 9*  > 
r Slowly formed hydrogeneous Fe-Mn deposits are charac-
v  V
e terized by*; REE patterns which show a strong ..positive Ce 
anomaly (GOLBERG et al., -19^; ADD^, 1979). Hydro- 
** thermal metalliferous deposits from spreading centers 
display instead a negative Ce anomaly and a 'REE content
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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one or two orders of magnitude lower than that of hydro-
t
genous deposits (BENDER: et al. / 1971; DYMONDS et al.,
1973). The Mn-rich sample from the Pyrite Belt show a
relatively low total REE content and a Ce negative
> * f
anomaly (fig. 4.15) in contrast with hydrogenous oceanic 
deposits but similarly' (except "for the positive Eu 
anomaly.) to hydrothermal deposits from spreading cen­
ters. The sample of magnetite-rich chert has a REE 
pattern similar to that of many Precambrian sil-dceous 
iron formations (see -fig. 4.15; compare FRYER, 1977), 
being enriched in Eu compared to adjacent REE; once 
more this indicates that at j^ome time during leaching
and transportation of the REE, the hydrothermal solution
* 2+ must haVe been enriched in Eu
' cl) Implications for the origin of the ore-forming
¥
fluids. The REE data cannot discriminate t^morig the 
possible sources of water to the hydrothermal system as 
effectively as sulphur, oxygen or hydrogen isotopes. 
Nevertheless, the REE data show that water-rock inf?er- . 
action must have taken place and that direct release of 
magmatic fluids was not important to the ore-forming
*
S (
process.
The abundant feldspar phenocrysts in the less altered 
footwall felsic volcanic rocks' ftom the Pyrite Belt - 
sulphide deposits (CARVALHO ft al., 1971a) indicate that 
feldspar crystallized out of the source magmas before
i
m
I *
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stockwork mineralization and massive sulphide deposition. 
Any residual magmatic fluid in equilibrium with feldspar
.crystals cannot have a positive Eu anomaly because Eu
' i9
partitions favourably into feldspars (SCHNELTZLER and 
PHILPOTTS, 1968; 1970) . Therefore, if a magmatic 
aqueous phase formed the deposits it could only have 
obtained a positive Eu anomaly by interacting with 
feldspars during hydrothermal alteration,of the volcanic 
rocks (see also GRAF, 1977).
If a value for the original sulphur content of the 
hydrothermal solution can be estimated, one can calculate
4 • *
the minimum quantity of fluid required to form an average 
massive sulphide ore deposit in the Pyrite Belt (about
2.4 x 1 0 ^  -g^equi-valent sulphur) . In the Salton Sea 
(California) geothermal system water at 3OO-350°C co­
exists with sulphides, and the sulphide content of the . 
-solution is 15-30 ppm (WHITE, 1968). Hence, taking a
value of -20 ppm initial dissolved sulphur, a minimum
18quantity of 1.2 x 10 g of fluid was required to form
one typical Pyrite Belt massive sulphide deposit. Under
the favourable assumption that.the total amount of water
*
in the' felsic magma (-3 wt. %; BURNHAM, 1979) was 
released in a focussed form, the estimated amount of 
fluid represents a felsic igneous body of at least 1.6 x
\
4107 km , much larger than, typical high level granitic
plutqns (5 x 10 km ; FYFE, 1973) . Therefore, this
&
s
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calculation suggests that the available amount of primary 
magmatic fluid was ^ probably too small to have been impor-
v
tant in the formation of the ore deposits.
The normalized REE plots of the Pyrite Belt metalli­
ferous "chemical se&iments" (specifically the Mn-chert) 
are similar in form to those of sea water; this type of 
REE pattern is unlike that of any igneous, metamorphic 
or lithdg^neous sediment and are compatible with a pre­
dominantly . sea water source involving incorporation of 
the REE and trace metals into poorly crystalline phases 
(see KRAUSKOPF, 1956; BERNER, 19 73} freshly precipitated 
from water derived from' submarine thermal springs. .
The REE d^^a, taken together with earlier geochemical 
data, strongly indicate that many chemical components of 
the Pyrite Belt metalliferous deposits have been derived
by pervasive leaching by sea water of the igneous rocks.*
It is suggested here that the metalliferous sediments 
found within the chert and the metal sulphide minerali­
zations on the volcanic rocks of the Pyrite Belt both
owe their genesis to the same processyTnamely, to the
\
hydrothermal circulation of sea water wi-thin the cooling
1
volcanic pile. Discharge of the thermal solutions through
the seaflooi releases metals to sea water and gradual
l ,
oxidation and precipitation of the metals' ensue. Fe, Cu,
t
and Zn partition strongly with sulphide phases but other 
.elements, such as Mn, are instead kept preferentially in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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\
solution. Consequently, fractionation of the metals, 
particularly of Fe from Mn, will occur near the hydro­
thermal vent during sulphide deposition. Continued
r *'1 ( *
admixture of the ore forming solution with oxygenated
sea water may cause precipitation of iron oxides and
promote further Fe-Mn fractionation. This process ^
should result in Fe-Mn deposits that display variable
*
Fe/Mn ratios1 (see tal^e 4.7) , higher close'to the 
source and in the bottom layers, lower far from the 
discharge and in the upper layers. Similar relation­
ships have been documented by SILVA and COSTA (195 9) 
for iron-manganese mineralizations in the Iberian 
.Pyrite Belt.
4.4.4 S/ S Isotope Ratios in the Pyrite Belt
Sulphides - -
Data on sulphur isotopic compositions of minerals 
from an ore deposit, when combined with geological and 
other geochemical studies, can provide information--on the 
temperature of mineralization, the chemical.,conditions 
and-mechanisms of ore deposition and the source, of sulphur1* 
in the .ore-forming fluids:
Sulphur isotope compositions for pyrite in the Pyrite 
Belt orebodies have been reported by a number of wofkers 
(RAMBAUD, 1969; WILLIAMS et al., 1975; LECOLLE, 1977; 
ROUTHIER et al.,,1977). The results are summarized here
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in order to establish some constraints on the source of
sulphur. The 34S/32S ratios have been analysed in
pyrites from stockwork mineralizations {+5-+100/ ,
oo
average +8-5°/00), veins (+4.3°/ ;.l sample), massive
sulphide ores (lower central zone: +6-0°/ , averaqe
oo ^
+ 3°/00; border zone: + 5°/^-4°/^, average. +2°/_) , an.d
o o oo o o
from disseminations in chert (-8°/ - -32°/ , averaqeoo oo r
-24°/ ) that overlies some of the massive sulphide
deposits. Although there are variations among different 
deposits, at a single mine the sulphur isotopic com­
position of pyrite from each of the different para-
genetic types tend to be similar. The main source of
*
sulphur has bepn interpreted as magmatic (JLAMBAUD
1969; WILLIAMS et al., 1975; LECOLLE, 1977).
Unlike oxygen and hydrogen isotopes sulphur isotopes
* •
fractionate not only among sulphur bearing solid phases' 6
*
but also among several'possible oxidized and reduced 
sulphur species in solution. Therefore, the 634S value 
of a givfen hydrothermal sulphide mineral is controlled by 
the fO-j and pH values of the solution as well as by the 
temperature and isotopitx composition of the hydrothermal 
■fluids (OHMOTO, 1970; 1^72; KAJIWARA, 1971). Knowledge 
of these parameters is thus required before any unique 
interpretation can be made on the isotopic composition of 
sulphi.de minerals.
a) Temperature of ore mineralization:. On the basis
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of the hydrothermal, non-sulphide ^ mineral assemblages.' 
t *
(quartz-chlorite-sericite-epidote-calcite) the temper-
t  *
atures for stockwork mineralisation may be estimated at 
250-350°C. These inferred temperatures are compatible 
with oxygen isotope temperatures, in the range 250-300°C, 
calculated from coexisting quartz and chlorite in stock­
work ores (table 4.8), and with the rarity of the 
assemblage pyrite + chalcopyrite ± pyrrhotite ± magnetite, 
observed in the deeper portions of certain stringer
zones (GARCIA PALOMERO, 19 77), which also establishes
%
an upper temperature limit of about 350 C (YUND and
KULLERUD, 1966) during stockwork ore deposition*.
O'
Only limited geothermometric data is available at
present in what concerns the massive sulphide ores.
*
Oxygen isotope data for coexisting quartz and
chlorite in chloritites, that ocqur immediately below
the massive ores at Estacao orebody (Aljustrel) (see
«
table 4.8; samples S.1-1; 3A; 3B) , indicate a temperature
of 220°C\ which should have been similar to that pre­
vailing during the deposition of the lower portions of 
the massive sulphide lenses.
Another method employed to ,set temperature^limits
of sphalerite-galena rich'(border zone) massive sulphide
* i ‘ 
ore deposition involves thermodynamic consideration of
the FeS and PbSO. contents in sphalerites and barites,'
f*
respectively, coexisting in the assemblage pyrite-
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sphalerite-galena-barite (see BARTON and TOULMIN,
1966; KAJIWARA and HONMA, 1972; OHMOTO, 1972; SCOTT,
1974). Microprobe data (see Appendix III) shows that, 
for Pb-Zn rich samples,'FeS in sphalerites is typically 
within the range .5-2 mole % and preliminary analyses of
coexisting barites indicate Pb contents of 5 2 ppm
baritt 
PbSO. 
barite
(sample S-23:
4
(sample‘S-24: X
X Q te = 5,85 x 10" 5) a n d  31 p pm
PbSO = 3.49 x 10“5).
the method is based on the following relations (see 
"HOLLAND, 1965 and PATTERSON et al., *1981 for necessary 
equilibrium constants) (all calculations were performed 
at neutral pH, assuming that the ore forming solutions 
had an ionic strength o£» approximately 1):
FeS- = FeS + %S- 2 1 2
K 1 = aFeS x (fs2}
or
K.
f S 2 " (^ | h )2 
aFeS
PbS + 202 = PbS04
barite
aPbSO.K = -4 ■
(f02 )2
(1)
(2)
f0„ =
or
barite
(!E|so4-)!i
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Since the fugacity of sulphur (fS2) in aqueous1
solutions is related to and the total sulphur
/
concentration (m. E S) by (see OHMOTO, 1972) ,
H 2S (aq) + - H20(aq) + JjS (3)
(2) can be rewritten as; ^
%
H2S(aq) + JsPbS04 = %PbS + H20(aq) + hS2 (4)
K =  I f S 2 ) l a H  0  - '
, aH2S.(apbso' >*
4
or
i - f s , -  2  • '2 4 s
\
Thus, for a given m E S-, neutral pH and fc>2 buffered 
by (2), it is possible to calculate aH2S (see OHMOTO, 
1972), and consequently, to estimate the fSC,-T equili­
brium conditions, for‘the assemblage pyrite-galena- 
sphalerite(ss)-barite(ss), by simultaneous solution of 
(1) and (4), (fig-. 4.16). The estimated equilibrium
c**
temperatures are dependent ftn the m E S in solution and 
decrease from ^bout 210-270°C at ,m E S = .1 molal to 
110— 180°C at m' E S = *01 molal. Consideration of the 
f02 , pft and m E S stability relations of the observed 
hydrothermal mineral assemblages (discussed below) 
suggests that the precipitation of the Pb—Zn rich massive 
sulphide ores should have taken place at temperatures
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 4.16 Equilibration temperature and fS2 of co­
existing sphalerite-galena-barite assem­
blages in sphalerite-galena rich (border 
zone) massive sulphide ore (see text). •
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not exceeding 200-250 C. <
«
From data presented thus far a-possible, though 
speculative, generalized thermal history'for the Iberian 
Pyrite Belt sulphide ore deposition may be developed. 
Stockwork ore mineralization occurred at temperatures 
of 250-350°C. Massive - sulphide deposition occurred at 
temperatures of 20 0-2 50°C. Oxygen isotope data (table 
4.8) for quartz in Fe-Mn metalliferous deposits within 
chert, suggests precipitation temperatures below 100°C.
b) Chemical environment of ore deposition. 
Extensive chlorite alteration, as well as the occurrence
of sericite ± K-feddspa-r— assemblages associated with the
»
stockwork sulphide suggest, by analogy with modern 
geothermal systems (ELLIS, 1979) and experimental work
s-'
(HENLEY, 1959), pH values near neutrality at the temper­
atures quoted above. .In the system Fe-Cu-S-0, pyrite
and chalcojoyrite are the most abundant minerals in the
> T «
sulphide' orfes whereas magnetite is rare and pyrrhotite 
is virtually absent in every case. Barite occurs 
sporadically both in the stockwork and massive ores
(GARCIA PALOMERO, 1977). At T = 350'°C and-m.E S much
_2 X 
less than 10 molal, the chalcopynte + pyrite assem­
blage- retfui res very low pH conditions whereas for m l S 
values greater than 10 the stability field of 
pyrite + bornite is extensive (RIPLEY and OHMOTO, 1977) 
and bornite would be expected to be found in the stock-
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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' -? 
work ores. Thus, m I S may be estimated at -10 molal
*  . '
and the probable pH-fC^ region of the sulphide ore de­
position can be define^ approximately by the magnetite- 
pryrite stability boundary, t'he barite solubility boun-'
dary and the stability of K-mica (see OHMOTO, 1972) . 
i
If the value of total sulphur in the hydro-
thermal fluid were around 0°/oo (i.e. sulphur of
magmatic origin) then the 63tfS of pyrite should have
been largely negative, down to less than -20°/oo at 
' o ’s
250 C and in the probable pH-fO^ region of ore deposition,
Since Devono-Carboniferous sea water, with a 63**Srfvalue
% ^
of about +16°/oo for dissolved sulphate (HOEFS, 1973)
was the only readily accessible source of high 5 3l4S
sulphur, the isotopic data can best be explained by
considering reduced sea water sulphate as the main
source of'suljphur in the pyritic ores.
The decrease in the pyrite 6 34S -values towards the 
>
top of the massive ores reflects an increase in the 
SO^"/H2S in thSs^luid (see OHMOTO and RYE, 1979), 
indicating lower tentaerature and/or higher— £0^ and pH 
conditions during the final stages of m'assive sulphide 
deposition. Figure 4,. 17 illustrates that, at a near­
neutral pH and m I S  =. 10~2 , ’the* trend in sulphur 
isotope values may_be explained by precipitation from 
a solution with $34S values of +15°/oo~+20°/oo caused by 
a te'mperature drop from near 350°C (stockw.ork ores) to %
r\
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FIGURE 4.17. Diagram'showing the log ESO4/EH2S -  T 
relations between, the stability of 
hydrothermal minerals, sulphur iso- 
toplc composition of H2S , and the 
activity product of FeCl*. CuCl° 
(chalcopyrite soluble-insoluble boun­
dary) . The arrows represent a possible 
path for sea water circulation through 
the volcanic rockss. ‘Conditions of the 
diagram are: pH = n^ubral;-ES =
.01 m; Na+ — .5 m; K+ =^ -*4 m' Ca^+ =
\ . ,1m) Ba + = .001 m; Cl“x=\'i m. Data
sources:' CRERAR and BARNES\ (1976), 
RIPLEY and OHMOTO (19 77) , PATTERSON 
' et al.- (1981) . \
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200-250°C (massive su,lphi"de ores) . The narrow range for 
stockwork pyrite 6 3t+S values would also /equire that the 
/ E H 2S ratio remained relatively \inif-prm during 
stockwork mineralization; this is the result of the large 
buffeting capacity of fluids in hydrothermal systems 
which e^>lved under conditions of high water/rock ratios.
Under the low temperature conditions inferred,for 
the precipitation of metal-sulphides within the chert 
* units, perhaps the most effective mechanism for the 
reduction of sulphate is by sulphate-reducing bacteria 
(NAKSI and JEMSRU, 1964; KAPLAN et 3 1 - / 1 9 6 9 ) .  The 
63l4S distributions of biogenic sulphides are controlled 
by the value of the kine;tic fractionation isotopic 
effect (K1/K2 ; see OHMOTO and RYE, 1979) and, for 
environments where the rate of sulphate reduction is much 
slower than the SO^T supply, SCHWARCZ and BUENIR (1973,)
T *
suggested K ^ / K ^  values of 1.040-1.060. Therefore, the
expected 6 3t4S values of sulphide minerals formed in such
environments are approximately -24°/-ot> to “4 6 °/0 o ^40°/oo
to 60°/ lower than the 6 3US of contemporary sea w a t e r ) , 
oo
similar to that determined for pyrite dissemination in 
• the Iberian Pyrite Belt chert units.
4.4.5 Oxygen Isotope Geochemistry 
4  Geologic, petrologic, mineralogic', REE and sulphur
isotopic studies of the Iberian Pyrite Belt area
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(summarized in previous sections of thi's study) suggest 
that the metalliferous deposits formed near the seafloor 
from submarine hot springs,,. -'Tn^particular, s u l p h u r y *-•' ■ 
isotopic data suggest that most of the sulphur in the 
pyritic ores was derived from sea_water sulphate.. Se-a 
water promoted hydrothermal alteration of the volcanic - 
rocks and it is also considered to have been the pre­
dominant ore fluid. '
■jo ] /r
At^present, very little xo0/ °0 data are available
on massive sulphide deposits. The purpose of this
• section is to present preliminary results of oxygen.
isotopic investigations in order to obtain further
\
evidence as to the source of fluids involved in ore 
mineralization.
Oxygen' isotope data from 2 8 mineral separates are
* r
presented in table 4.8 and displayed in figure 4.1.7.
a) Pyritic ores.
1-1 »
18
Mineral^. Q  v a l u e s . Quartz from stockwork ore 
samples exhibits 6 1 80 values from +11.11°/ to +15.40°/
V
oo oo
but ^quartz-chlorite is fairly restricted, between 
+8.45°/oo and +9.4 7°/q o , indicating isotopic temperatures 
from 244°C to 28 3°C (WENNER ar|d TAYLOR, 1971; CLAYTON
,  V
et al., 1972). Quartz^occurring with chlorite in the
chloritite samples is characterized by 6180 values of
+ 1 3 . 3 3 ° A  to +13.72°/ ; A ... . . averages
'oo 'oo quartz-chlorite ^
+10.3o/oo yielding temperature values (216-218°C) whicfy
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TABLE 4.8 <S180 of Mineral Samples -from the Iberian Pyrite
Belt Metalliferous Deposits.
Sample No
1
Rock Type v Location
CC-1 Stockwork Ore "Cerro Colorado „
CC-2. Stockwork Ore Cerro Colorado
CC-3A Stockwork Ore Cerro Colorado
CC-3B Stockwork Ore Cerro Colorado
CC-5 Stockwork Ore Cerro Colorado
CH-1 Stockwork Ore Chanca; S. Domingos
F. 1 Stockwork Ore Feitais
s.-r-'s ^ Stockwork. Ore Estacao-.
S. 1-1 Chloritite Estacao
S. 1-3A 
•
Chloritite Estacao
S. 1-3B Chloritite Estacao
Sal'g. -2 Sericitic-Tuff •Salgadinho
L.P.-l 
H.M.-l 
H.M.-2 
H.M.-3• 
RD-1
Mn-Rich Chert 
,Chert + Barite 
Chert + Barite 
Chert + Barite 
Rodonite
Lagoas do Paco 
Herd. Misericordia 
Herd. Misericordia 
Her'd. Misericordia^ 
Mertola - f
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TABLE 4.8 continued
378
o
> 6 1 8 0 °/ oo °C °// oo
Sample No Quartz Chlorite Muscovite Temperature 6 1 8 0 Fluid
CC-1 +11.33 +2.47 267 +1; 8 .
CC-2 + 11. 29
—
+ 2.84 ' 283 +2.5"
CC-3A +11-.65
1
+ 2.98 • 274 +2.5
CC-3B +11.32 + 2.31 ■ 261 +1.5
CC-5 +11.11 +2.03 - 258 +1.2
CH-1 +12.80 +3.33 ' 244 + 2 . 2
F. 1 + 15.*4 0 +6.06 ,
/
/ 249 + 5.0
S. 1-5 +13.87
,
+ 5.00 2660 +4.3
S. 1-1 * +13.-72 + 3.44 218 +1.7
S. 1-3A + 13.55, + 3.19 216 +1.4
S. 1-3B +1.3,.<3 3 - -
Salg. -2 +13.82 - + 9.46 337 + 6.9
oo
Quartz Barite Rodonite
L.P.-l +20.59 >
^ / h .m .-i + 21 ..67 + 6.86
0
H.M.-2 .
/
+ 6.85
H.M.-3 +13.82 3
RD-1 +14.83
<3
*
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FIGURE 4.18. Variation in the oxygen isotopic composition of minerals in
Pyrite Belt ore deposits. Triangles - chlorite; closed circles 
quartz; square - muscovite; stars within circles - barite; 
star - rhodonite. co
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are 50 C lower than those estimated for the stockwork
«S*
ores.
5 180 values of quartz and muscovite, separated from 
a mineralized , (chalcopyrite + pyrite ± sphalerite) 
sericitic-tuff (salg-2; Salgadinho, Cereal), are, 
respectively +13.820/oQ\and +9 ..460/o q and correspond to 
an isotopic temperature of 337°C (O'NEIL and TAYLOR, 
1969; CLAYTON et al., 1972).
0S 180 of water in the ore fluids. Calculated
values of water in equilibrium with quartz, chlorite
and muscovite, at temperatures from 216°C to 337°C,
range from +1.2°/ to +6.9°/ . The total isotopic
oo oo *> r
compositional range is significant, but it should be
noted that 8 out of the 11 analysed mineral pairs yield
6180,„ values between +1.2°/ and +2.5°/ ; such(t^O) '  00 00
values are not consistent with magmatic fluids or
t
isotopically light continental surface meteoric.waters, 
but are close enough to that, of sea water derived 
brines (e.g. Red Sea brine: 6180 = +1°/oo_+2°/0o;
CRAIG, 1966), to warrant the characterization of the 
respective ore forming fluids as sea water-type solutions. 
This deduction supports previous inferences concerning 
the'metallogenic processes in the Iberian Pyrite Belt and 
conforms with the growing accumulation of oxygen isotope 
data (from elsewhere) which recognizes the dominant 
role of sea water on the formation of massive sulphide
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
deposits (OHMOTO and RYE, 1974; SAKAI -and MATSUBAYA,
1974; HEATON and SHEPPARD, 1977; COSTA et al., 1980;
BEATY and TAYLOR, 1981). ,
18
The origin of the 0 enriched fluids (6180,. .,'=
fluid
+4.3°/ to +6.9°/ ) is more puzzling,
oo , oo
The observed consistency of the 6 values for coexist­
ing quartz and chlorite' (see table 4.8) suggests that 
these minerals have' remained close to isotopic equilibrium 
v^ istTi one another. This may reflect their initial isotopic 
composition or re-equilibifttion during subsequent regional 
metamorphism. However, for samples within the same mining
district, quartz and chlorite show significant differences
■>
in isotopic composition, and if complete isotopic ex­
change occurred with a large metamorphic fluid reservoir, 
one would expect to^ind similar rather than variable 
mineral 6 180 values. Therefore, the calculated 619,0^H 
values are thought to represent the isotopic composition 
of the hydrothermal solution in equilibrium with quartz, 
chlorite and muscovite at the time of the initial mineral 
fractionation. " *
Recent isotopic studies on Raul (RIPLEY and OHMOTO,
1979) and Kidd Creek, (BEATY and TAYLOR, 1980) massive
18
sulphide deposits also found evidence for markedly 0
enriched ore forming fluids. In both cases it was 
suggested that the ore fluid might have been sea water 
which was modified in some way. The most plausible
permission of the copyright owner. Further reproduction prohibited without permission.
mechanisms involve isotopic evolution from sea water,
either through: 1) evaporation in a closed basin, or
-18 ‘2) exchange with high-* 0 rocks during circulation
(RIPLEY and OHMOTO, 1979; BEATY and TAYLOR, 1980; 19 81) .
*
The isotopic data presented in this s.tudy (see •
section ’4.2.3) indicates an input fluid composition of
r '
about 6jsO = 0°/Qo (+ -*-°/00 ) •' Consequently, hypothesis 
1) seems unlikely to explain the origin of isotopically 
heavy fluids in the Iberian Pyrite Belt.
18
Water/rock r a t i o . The magnitude of the 0 shifts
experienced by the hydrothermal solution through isotopic
exchange with country rocks depends dominantly on the
water/rock ratio and water-rock interaction temperatures
(TAYLOR, 1979); significant positive deviations from the
initial 6 180,_. v a l u e s . require high -temperatures and 
' 2
low- water/rock ratios .
A lower l i m i t ’on the integrated water/rock ratio can
be. calculated by comparing the total mass of altered rock
to the mass of fluid necessary to transport the sulphide
6
ores. A 'total of 55 x 10 tons of missive sulphides are 
still available at Rio Tinto mines, which corresponds to 
about 23 x? 1012g of F e . Data of WHITE (196 8) indicate 
that at 300-350°C the Saitoh Sea brine contains about
i *
2000 ppm Fe, If all this metal wfere deposited in the 
massive sulphide lens, the required mass of fluid would
I « ^  i ji
have been 1.15 x 10 g. Using 2 x 10 g as the mass of
  ---------
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mineralized footwall (hydrothermally altered) rocks at 
'Cerro Colorado (F. BARRIGA, p e r s . conun., 1981) the 
calculated aSrount of fluid indicates a minimum integrated 
water/rock ratio of about 5’8 for the hydrothermal vent 
area. High water/rock ratios are also suggested by the 
study of volcanic rocks affected by low-temperature 
hydrothermal metamorphism (see section 4.2t 3) and water/ 
rock values of about 100:1 have been estimated, (seei „ «
section 4.2.3) for s o m e .recharge zones of the hydrothermal 
system. Clearly, the 6 180 of the fluid could'not have 
“been significantly modified under..such large water/rock 
•ratio conditions.
These observations indicate that 6 180,„ ... changes
> ■ v 2 * *
could have taken place only during a limited portion of
\ ^ * 
the fluid path, most probably corresponding to the deeper
and hotter zones qf .the hydrothermal circulation system. 
This.deduction is in accordance with petrographic obser­
vations which suggest progressive decrease of water/rock 
ratios with increasing temperature (see section 4.2.2.2 
(G . 2) ) .
The low water/rock ratios necessary to produce-^fehg^'
1 q
observed, fluid O shifts, solely by interaction with 
volcanic rocks, implies • availability of a. commensur- 
ate volume of volcanic protolith at the appropriate 
temperature (>400°C). Based on the premise that water/ 
rock ratios drop down to 0:1 in this .high temperature
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
domain, then the required volume of (felsic) volcanic
protolith buffering the 6 180 of -the deep circulating
fluid to values of ~+8°/00 (T = 450°C,^Arock-H'2O =
A An3Q-H20, 6 r o c k '= +9-+10°/o o ; see TAYLOR, 1979) would
be about 46 k m ^ ; one would note, however, that if the
18
volcanics had undergone a pre-history of 0 enrichment,
«
(similar to that described in section 4.3.4 of this
*• f
s t u d y ) , then the required rock volume figure could be
3
reduced to about 8 km (water/rock -.5), which is 
entirely in accord with local geological constraints. 
During return flow the deep convecting fluids are
. iV.
considered to have cooled to. the recorded vent temper­
atures of 250°-350°C by adiabatic expansion, and by
. . .  ' ✓
mixing with shallow, short residence circulating ° . 
fluids in the vent region. Assuming that the latter 
fluids had acquired a temperature of -150°C prior to 
entering the vent, then mixing of -4:6, to 7^3- deep/ ' 
shallow reservoirs would account for the vent tempera­
tures; the resulting fluids would possess a <S180 of
a '
+ 3°/ ^ t ? + ®°/0 o' AS c°n 3ecture<  ^ ky BARRIGA and KERRICH
(1981), other mechanisms may have been involved in the
generation of isotopically heavy fluids; namely, isotopic
18
exchange of the ore fluid with high 0 sandstones and 
phyllites (which constitute the bedrock of the volcanic 
p i l e ) , and/or establishment of local multipass convection 
sys.tems. Any of the above mechanisms, singly or in
,  V .
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mm,
385
combination, may be responsible for the recorded high 
18
0 .fluids at discharge.
b) Cherts
Tvp,isotopic analyses of quartz in cherts associated 
with manganese mineralization gave 6 180 values of'+20.59 
°/00 and +21.6 7°/ . These 6 180 values are considerably
lower than those reported for cherts formed in the pres-
t- '
ence of modern ocean water at temperatures below 25 C 
(KOLODONY and EPSTfilN, 1976), probably reflecting 
different precipitation conditions. As the temperature 
of formation increases the cherts will take on lower 
6180 value's due to the effect of temperature of the
1
fractionation for oxygen isotope partition between chert
and water; if the cherts were,.formed from sea water&
(6180 = 0°/i , -1°/ ) then the analyses indicate
/t>o' oo 1
temperatures of formation Tanging from 72 to 87°C 
(according to the chert-water fractionation equation of 
-KNAUTE and EPSTEIN, 1975).
Three samples of barite, which occur associated with 
chert and other Mn-rich sediments at Herdade da Miseri­
cordia Mine (Castro Verde, South Portugal), were also 
analysed for oxygen isotopes. Bapite samples HM-1 and,* 
HM-2 have identical 6180 values of about +6*9°/00' this 
value is lower than that of present da^ y sea water sul­
phate ( 6 1 80 = +9 . 7°/00; LONGINELLI and CRAIG, 1967)', ,
- it is similar to that of anhydrite (6*80 = +7*2°/OC))
A
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rapidly precipitated out of the Red Sea Atlantis II
deep brine (see K A PLAN et a l . , 1969) -, reflecting slow
isotopi^ exchange rates in the s-dlphate-water system
(LLOYD, 1968). HM-3 barite 6 180 value If +13.82°/
\ oo
is h i gher than that of dissolved sea w a t e r  sulphate and
*
probably represents a shift towards equi l i b r i u m  with the 
latter at elevated temperatures. HM-3 barite oxygen 
isotope fractionatiorT^edative to (assumed) sea water 
suggests 'formation temperatures within the same ra^ige 
as that estimated for the associated cherts (see/ROBIN­
SO N , 1 9 7 7 )  .
i
4.5 DISCUSSION
Mineralogical and geochemical data presented above 
cleJarly indicates that the spilitic rocks ,from the 
Iberian Pyrite Belt wer e  produced by  subsolidus a l t e r a ­
tion of- basaltic and doleritic rocks. Similar processes
affecting the felsic Blocks were also responsible for the
/
generation of the so-called quartz-kerathophyres and 
quar4z-kalikerathoph^/res from primary rhyolitic/dacitic 
rocks\ During the alteration process metamorphic 
assembl^^s^chat-acJteristic of the zeolite and greenschist 
facies developed and significant redistribution of 
several major and trace elements took place. Increase 
in w a t e r  contents, etrong carbonatization and consider-
/  /
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3ab^e changes in iron oxidation ratios, reflecting the 
development of secondary minerals, all indicate that 
the metamorphism was the consequence of water-rock inter­
action at elevated temperatures. The oxygen and sulphur
/
isotopes and. REE data strongly imply that sea water 
was not only the fluid which hydrothermally metamorpho'sed 
the volcanic rocks but also played an important role in 
the formation of the metalliferous deposits.
y g 16 34 32
The observed 0/ O and S/ S isotopic ratios
\
indicate that the alteration process took place mostly 
under conditions of high water/rock ratios thus suggest­
ing that the hydrothermal system involved vigorous 
circulation of fluids. Fluid motion might have been 
related with thermally driven convective-circulation 
as a result of heat released due to widespread contem­
poraneous igneous activity in the area (LISTER, 1972; 
WOLERY and SLEEP, 19 76; NORTON and KNIGHT, 1977; NORTON 
and CATHLES, 1979). Whether or not convective flow in 
a porous 'medium is possible depends on the thermal 
gradient. -The vigour of flow is described by an' appro­
priate Rayleigh number and for vigorous flow, .gradients 
in excess of the adiabatic gradient and high. permeabili- 
ti>es are required. A conservative estimation of a 
Rayleigh number for the conditions of hydrothermal 
activity in the Pyrite Belt (permeability = -llmd, 
(Wairakei geothermal system vertical permeability;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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DONALDSON, 196 8); AT = 400 C; AH = 500 m = thickness of"
2the volcano-sedimentary complex) yields values {3 x 10 )
which clearly exceed the critical Rayleigh number'Tor
which convection occurs (18-2 7 for open top and uniform
lower boundary conditions-; LAPWOOD, 1948), thus suggesting
that not only convective circulation of fluids was
possible but also that it must have proceeded in a
vigorous manner.
By analogy with active geothermal systems downward 
*
migration of sea water into the volcanic rocks occurred 
over a large area, and upward discharge--was localized.
The influx of-sea water deep into the volcanic pile must 
have been related to thermal contraction fracturing and 
increasing permeability as described by LISTER (1974).
*9* " A *
The massive sulphide deposits are interpreted to have 
formed in ,localized basins at the volcanic 'rock-sea water 
interface, their underlying stockwork zones representing 
the focussed hydrothermal discharge -zones which most 
probably were tectonically controlled by pre-existing 
fault and/or fracture systems (OLIVEIRA, 19 71;' CARVALHO, 
1976) . - '
:ent'ra tio
sea water-volcanic rock'interaction halide 
concen F& n tends to rise (ELLIS and MAHON, 196 4;
196 7), and the brine becomes increasingly saline and
progressively reduced by reaction with the iron-bearing
0
silicate minerals of the rocks. Its sulphate content is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reduced to produce disseminated sulphides and magnetite 
and salinity may increase as a result of extensive 
formation of highly hydrated minerals which'characterize 
spilites. Several experimental studies and direct 
observation of active geothermal systems have shown
leach significant amounts of metals from rocks, which
are then transported mainly as soluble metal chloride
complexes. When this reduced, metal-rich brine is
discharged into the sea floor, and as it mixes with ^
sea water, sulphate from sea water is reduced near the
vent providing the sulphur which combines with iron and
base metals, causing their precipitation as metal
sulphides. The' efficiency of deposition of the sulphides
will increase as a consequence~~of increase a„ c and pH
2
(sulphate reduction) an<3 decrease and temperature
(dilution). Zoning in sulphur isotopes and. precipitation 
of Mn-rich chemical' sediments could occur because of a 
decrease in temperature and increase in oxidation state . 
of the fluid away from an issuing vent.
The general hydrothermal model summarized above has 
* > « 
already been successfully applied to explain the for­
mation of massive sulphide orebodies such as Cyprus
(SPOONER, 1977) and KUroko (OHMOTO and RYE, 1974), and 
f • r
extant metal-rich deposits observed at ocean ridge
crests (EDMOND et a l ., 1979), as well as the generation
i
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of "spilitic" rocks often associated with them (see
ANDREWS and FYFE* 1975). The data presented here
strongly suggests that the'hypothesis of hydrothermal
activity, related to thermally driven convection of
sea water, is also applicable to explain the, general
feattrres of spilitization and massive sulphid^ ore
'\
formation in the Iberian Pyrite Belt. \
c
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• CHAPTER 5 
LOW GRADE REGIONAL METAMORPHISM 
IN THE IBERIAN PYRITE BELT
'5.1 INTRODUCTION
The South Portuguese Zone geosyncline was deformed 
during the Hercynian orogeny, with the first and main 
folding phase of pre-Westphalian-D age. This orogenic 
phase was associated with the development of cleavage 
and regional metamorphism, both decreasing in intensity 
towards the south (SCHERMERHORN, 1971b; MUNHA, 19 76).
The metamorphic grade was low and, generally, in­
creases in a northward .direction from almost unmetamor­
phosed greywackes and shales in the extreme south, 
through prehnite-pumpe 1 1 yite / 1'ower greenschist facies in 
the Pyrite/llelt to the greenschist facies in its northern­
most zqpre (Pulo Formation) . The existence of the 
prehnite-pumpellyite facies metamorphism was first 
established in the Pomarao region by BOOGAARD (1967) 
and it is now known to be widespread in the whole 
Iberian Pyrite Belt (SCHERMERHORN, 1975a; MUNHA, 1976).
The purpose of this chapter is to describe and 
interpret the distribution of the metamorphic minerals 
and mineral assemblages in an attempt to understand the 
physical and chemical conditions of regional metamorphism.
•3 9 1
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5.2 METAMORPHIC ZONING
In the area studied four metamorphic zones are dis­
tinguished. The metamorphic zonation is shown in figure
5 . 1  and the relative mineral stabilities with increasing 
grade of metamorphism are summarized in table 5.1.
Though the general course of the metamorphic zone 
boundaries is as shown in figure 5.1, it must be con­
sidered, at present, only as schematic. This is mainly 
due t.o the scarcity and discontinuous nature of the mafic
<3
metavolcanic rock outcrops, where typomorphic Ca-alumino- 
silicates are.almost exclusively developed. A precise . 
definition of the spatial- distribution of the meta­
morphic isograds must await a systematic investigation 
of the meta-sedimentary rocks, whi^ch is beyond the scope 
of the present study-. ,
Zone- 1
Only rocks of sedimentary parentage, stratigraphically 
related to the Culm Group, are known to occurNin this 
zone. Due probably to the primary nature of albite in 
the greywackes providing unfavourable sites .for the 
nucleation o f  secondary Na/Ca hydrous aluminosilicates 
(CAMPBELL and FYFE, 1965), metamorphic minerals such 
as analcime, heulandite and laumontite, which appear to 
■ be critical f.or the definition of zeolite facies (COOMBS 
et al., 1959), have not been recognized. In spite of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 5.1. Metamorphic Zonation of the Iberian Pyrite 
Belt.
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FIGURE 5.1. Metamorphic zoiiation in the Iberian 
f Pyrite Belt. Small dots - illite-
\ crystallinity sampling locality.
♦
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FIGURE 5.2, Illite-crystallinity data.- Compositional 
fields after ESQUEVIN (1969) . Correla­
tion wi±Ji metamorphic facies after FREY 
and NIGGLI (19 71)'. Squares - zone 4; 
stars - i>zone 3;-closed circles - zone 
2 ; circumferences - zone 1 .
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this fact, XRD examination, of the clay fine-grained
C
fraction (<2 y) shows (fig. 5.2) low Values for the illite- 
<^stallinity (KUBLER, 1964; 1967; 1968) as yell as the 
common occurrence of various mixed-layer clays (mostly * 
chlorite-illit^, irregular raixed-layer qlays ± smectites) 
and kaolini'te-quartz-albite mineral assemblages. This . 
enables one to correlate the metamorphic grade in zone 1 
with the zeo’lite''facies (KISCH, 1968; 1969; FREY, 1970; 
FREY and N K G L I , 1971; *2;EN and THOMPSON, 1974) as defined 
for meta-volcanic lithologies elsewhere.
- Zone 2 ,
c The critical paragenesis for this zone is albite-
pumpellyite-prehnite-chlorite, but- the following raeta- 'fr ___  ________ *
morphic’ assemblages also dccur in mafic meta-volcanic
C
rocks: . V *  .
4  ' prehnite „ ‘
> jSrehnite-chlorite
t . '
prehnite-calcitec
pumpellyite-chlorite
- calcite-chlorite
epidote-pumpellyite
epidote-chlottte-calpite
joumpellyite-chlorite-calcite
prehnite-chlorite-calcite *
V  pumpqllyite^-epidote-chlorite
pumpe 1 l^ a. te-epi dote-da lc i te
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chlorite-calcite-stilpnomelane 
pumpellyite-prehnite-calcite-chlorite
o
pumpellyite-epidote-chlorite-stilpnomelane
' t.
pumpellyite-prehnite-epidote-chlorite
+ albi’te ± quartz - sphene - white mica - iron 
oxides - sulphides <.
At least in some samples, epidote ± calcite bearing 
assemblages clearly predate the formation of pumpellyite
o
±  prehn'ite corresponding to metast^ble relicts developed 
duririg the hydrothermal event. Actinolite may occur' as 
a replacement product of igneous clinopyrdxqnp but it 
was obse'rved giving way to chlorite + prehnite. Con­
sequently, actinolite is riot considered" to be stable 
under the conditions which prevailed during regional 
metamorphism in.zone 2.
Although mixed-layer clays and kaolinite*may £,till 
persist in ve,ry small amounts, in the meta-sedimentary
rocks illite-chlorite-albite-quartz is the typical
«> *
zone 2 metamorphic assemblage, while pyrophyllite and 
paragonite occur in" some lithotypes (LECOLLE and ROGER, 
1976) . ' Illite-crystallinity values are typical of the
lower anchizone (KUBLER, 1968]f _ (see fig. 5.2) being ’
\
correlated with the prehnite-pumpellyite facies accord-(* . I 0'  j
ing to BRE'Y and NIGG|JI< (1971)-. .
0
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ft, In some Mn-rich chert samples, spessartine,rhodonite, 
paisettensite and Ba-feldspar post-date the caryopilite- 
ihadochrosite-barite hydrothermal assemblages and are
c
considered to have recrystallized during regional 
metamorphism.
Zone 2 dominates the Iberian Pyrite Belt; in con­
trast to what was stated by SCHERMERHORN (1975a;b) 
prehnite-pumpellyite bearing assemblages were found to 
be equalf^ well developed in both the Portuguese and
Spanish parts of the Pyrite Belt (MUNHA, 1976) .
*
Zone 2 is’ considered to belong to the prehnite- 
pumpellyite facies (CfOOMBS, 1960; 1961).
Zone '3
In zone 3 actinolite appears in mafic rocks as a 
stable metamorphic phase in addition (to the minerals 
of the previous zone. Thus the metamorphic minerals
are quartz, albite, white mica, chlorite, pumpellyite,.
. * * 
prehnite, epidote, actinolite, stilpnomelane, sphene and
*
calcite. Common metamorphic assemblages observed in 
zone 3 are listed below:
, Q actinolite
calcite * « *
’ t.
. ' ' -calcite-epidote ■________
actinc^lite-calcite 
actinolite-epidote (± calc’ite) 
actinolite-pumpellyite (± calcite)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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actinolite-epidote-pumpellyite C-± calcite)
actinolite-epidote-stilpnomelane (± calcine)
pumpellyite (± calcite)
pumpellyite-epidote
pumpellyite-prehnite
prehnite-actinolite
+ albite - chlorite
± quartz-sphene-white mica - iron oxides - sulphides
Prehnite is not as frequent as in zone 2 and it is 
apparently restricted to the lower grade samples.
Detailed examination of different samples from the same
t
outcrop indicate that pr.ehnite is favoured, by Ca-rich, 
SiC^-p^oor environments; when quartz and actinolite are 
present, fine needles of actinolite usually occur between
, i *
prehnite and quartz, exhibiting textural characteristics 
of reaction relation'ships.
Actinolite occurs not o.nly as the recrystallization 
product of igneous .clinopyroxene but also as acicular 
crystals in the matrix of rocks reflecting the' breaking
i
down of lower grade phases during prograde metamorphism.
Remarkable features of zone 3 are the mineral 
associations acti^olite-epidote and actinolite-pumpellyite 
The latter is critical for the>pumpellyite-actinolite 
facies as defined by HASHIMOTO (1966) . However, in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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South Portuguese zone, actinolite-pumpellyite occurs
V »
together with dominantly pumpellyite-free assemblages
and, occasionally, prehnite may also be present.
Probable examples of similar*"atypical" (see SEKI,
1969) metamorphic environment may bg".found in southern
»*
New Zealand (Brook Street Terraine) (COOMBS et al., 
^1977) and in the northern Appalachians (Maine) (COOMBS 
et al., 1970; RICHTER and ROY, 1976).
4
, Illite crystallinity data (fig. 5.2) for meta­
sediments of zone 3 confirms the trend of increasing 
metamorphic grade and is in accordance with a position 
within the upper part of the epizone (see KUBLER, 1968; 
FREY and- NIGGLI, 1971).' ,
Mineral assemblages in zone 3 meta-cherts are 
identical to that described .for zone 2 .
Metamorphic conditions within zone 3 are considered
e
to have been transitional between prehnite-pumpellyite 
and greenschist facies.
Zone 4
Pumpellyite and prehnite are absent ‘in mafic meta- 
volcanic rocks of this zone. The typical metamorphic
4
assemblage is: albite-actinolite-chlorite-epidote ±
quartz-sphene-iron oxides-sulphide (calcite is rare).
Chlorite is stable.in this metamorphic zone but 
shows a clear decrease in modal amount in relation to
* t r
the previous zones. In a few specimens pale-green to (
%•
;
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bluish-green hornblende appears© as narrow rims on 
actinolite .
At this grade of metamorphism the original igneous 
texture is only very rarely preserved ^ n d  no relict 
minerals are left. The rocks usually show strong 
4 penetrative deformation and develop typical memato- 
blastic texture.
Meta-sedimentary rocks show the metamorphic 
assemblage Chlorite + muscovite + quartz + albite - 
tourmaline - iron oxides. No biotite was found. Zone 
4 is correlated with green'Schist facies (WINKLER, 1974).
5.3 METAMORPHIC PHASES: OCCURRENCE AND MINERAL CHEMISTRY
5.3.1 . Sphene _
Irregular masses of sphene are present in almost 
all mafic meta-volcanic rocks and may be accompanied by 
rutile in some samples. Sphene occurs as a replacement 
product of unmixed Fe-Ti oxides, as very small dark 
brown grains permeating, the rock grouhdmass and as 
spherulitic aggregates in chlorite pseudomorphs.
Microprobe analysis of sphene aggregates are pro­
vided in Appendix IV, and plotted in figure 5.3. The 
analysed sphenes show considerable compositional varia­
bility (especially involving A l , Fe and Ti) that may be
3+interpreted according to the formula Qa(Ti,Al,Fe )
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FIGURE 5.3. Sphenes, atomic proportions.A l , T i , Fe.
Sources of comparative data are: KONTA
(1949), SMITH (1970), COOMBS et al. (1976),. 
BOLES and COOMBS (1977). 1
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Si (O ,OH, F) , as discussed for sphenes of pumffellyite- 
actinolite facies assemblages from the Taveyanne 
Formation (European Alps) (COOMBS et a l . , 1976). The 
^analyses confirm that the substitution of (Al,Fe3+)
"for Ti is characteristic of sphenes of low grade rocks, 
and suggests that the compositional range apparently 
expands towards grothite (SAHAMA, 1946) with decreasing 
metamorphic grade (see fig. 5.3).
5.3.2 Prehnite
Prehnite^ the index mineral of the prehnite- 
pumpellyite facies, occurs in many ((although less 
frequently than pumpellyite) of the mafic meta-volcanic 
rock samples from metamorphic zone 2 ; it is also 
widespread as a vein mineral in the same area. Prehnite 
occurs as characteristically spongy or fibrous crystal" 
aggregates (rarely over 1 mm), often associated with 
chlorite-pumpellyite, filling vesicules and not^so 
commonly replacing plagioclase and clinopyroxene (Plates 
6C; 6d ) . In meta-volcanic rocks of zone 3 prehnite
«
occurs only sporadically, being replaced by epidote^, 
actinolite and, sometimes, by pumpellyite.
Analyzed prehnites (see Appendix IV) exhibit rela­
tively constant abundances of SiC>2 and CaO (at 43 and 26
wt. %, respectively) but variable amounts of Fe 2C>3 and
3+ 'A l 20 3 . Fe -Al variations in the octahedral sites are
■y
\
* -   ______
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(B) in the Iberian Pyrite Belt prehnlrtes.
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shown in figure 5.4b and indicate significant substitution
jj/ff
of Fe2C>2 for A ^ O ^ ;  this is consistent with the conclusions
based on previous "studies that prehnite in low-grade 
*
meta-basaltic rocks commonly contains appreciable
3+ — ’
Fe (SURDAM, 19.69; KUNIYOSHI and LIOU, 1976a,b; LIOU
-and ERNST, 1979; LIOU, 1979). Detectable ranges in the
3+
substitution of Fe for Al occur within a single rock 
as well as among different samples. Fe^O^ varies from 
.2 wt. % to 6.6 wt. %, but the most frequent values 
(see fig.. 5.4a) correspond to Fe^+/Fe^+ + Al = 0-5% 
which seems to be typical for prehnite in the prehnite- 
pumpellyite facies (HASHIMOTO, 1966).
5.3.3 Epidote
Epidote minerals are quantitatively important in 
most meta-volcanic rocks of zones 3 and 4, but were only 
very rarely observed to coexist in textural equilibrium 
with prehnite-pumpellyite bearing assemblages.
Compositions of epidote were determined by micro­
probe and the results are shown in Appendix IV. The
34-
analyses indicate pronounced substitution of Fe for 
Al in epidote octahedral sites (see fig. 5.5) . Fe"^+/
Fe^+ + Al^* values decrease from 36-25% for epido;tes in 
zone 2, tlirough 34-17% for epidotes in zone 3, to *17-11% 
for epidotes in zone 4. Similar observations have been 
made for other regional metamorphic and synthetic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 5.5. Change in Fe against Al in metamorphic 
epidotes ftom the Iberian Pyrite Belt mafic 
rock£\ Triangles - zone 4; stars - zone 
3; closed circles - zone 2.
I
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Pyrite Belt. _ ^
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epidotes: under- low temperature conditions (prehnite-
pumpellyite facies) , epidotes .tend to have compositions 
close to Fe3+/Fe3+ + A1*V = 33% and increasing temper­
ature may enlarge the compositional field of the epici®te- 
clinozoisite series (MIYASHIRO and SEKI, 1958; STRENS,
1965 ; LIOU, 1973; KUNIYOSHI and LIOU, 1976b; . NAKAJIMA
3+et a l . , 1977). There is, however, significant Fe /
Fe3+ + AlIV overlap for epidotes in jneta-volcanic rocks 
from metamorphic zones 2 and 3 (‘see fig. 5.5) , indicating 
that other factors besides temperature, are also impor­
tant in controlling epidote composition. Figure .,5.6b
3+ 3+ IVsuggests that Fe /Fe + Al ratio in zone 3 epidotes
vary as a .function of f02 • Epidote is enriched in a
3+ moreFe when coexisting with magnetite or hematite £
oxidizing conditions; Fe3+/Fe3+ + AlVI = 30-34%) and
3+ 3+ VIbecomes more aluminous (Fe /Fe + Al = 29-17%) with
decreasing f02- (iron oxides absent). These relationships
are in accordance with the observations made by KEITH
et al. (1968), HOLDAWAY (1972) and LIOU (1973) that
variations in f02 are responsible for different epidote
compositions._ Thus, data on figures 5.6a and 5.6b
indicates that the combined effects of variable temper- ‘
ature and fO_ may have been responsible for the comppsi- 
. ' " ,
tional spectrum observed in epidotes from the South
Portuguese Zone. The "general tendency for decreasing
CaFe*+Si„0,,,(OH) component with increasing temperature 2 3 12 . °
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PLATE 6
Adularia replacing plagioclase i,,n K-enriched rhyolite 
(Cereal, South Portugal).
Oxidation halos associated with hematite-rich 
fracture systems in K-enriched rhyolite (Cereal,
South Portugal).
Prehnite (pr) replacing plagioclase in andesite 
(Pomarao, South Portugal).
Prehnite (pr) replacing clinopyroxene (cpx) in 
andesite (Pomarad).
Pumpe^Llyite (fibrous crystalline aggregates) replacing 
plagioclase in andesitfic rpek from,near S. Domingos 
Mine (South Portugal). (crossed polarizers)
Well formed pumpellyite prismatic crystals (colourless 
variety) within albitized/silicified plagioclase . , 
phenocrysts' (crossed polarizers). (Pomarao, South 
Portugal) .
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(see fig. 5.6a) is probably related 'to the availability 
or additional C a A ^ S i ^ O ^ C O H )  produced by the breakdown
1 * I '
V>f prehnite' and' pumpellyite as the rocks passed into 
the greenschis.t facie s^fBROWN, 1-967) .
§.3.4 Pumpellyite ■ 4
Pumpellyite is an almost ubiquitous, and at times'
£' *
0 quantitatively important phase, in non-carbonatized 
mafic meta-volcanic rocks of zone 2 , but it is less 
common in zonec3 “and completely absdnt from zone 4 
metamorphic rocks.
Most"pumpellyites characteristically occur ^
replacing plagioclase (Plates 6E,F) as’irregular grains
 ^s *
(average -length about 40 pm) ,. often aligned on structural
• <.
directions in the host. Pumpellyite is also seen
1 o- .
replacing pyroxene (Plate 7A)^,and groundmass material
. to.
or occurring within veins (Plate IB) . When plentiful,
* i *
pumpellyite can make up a considerable part of the rock< \
volume, m o r e ^ h a n  50% in many cases.
* ^
Both colourless and pleochroi.c pumpellyite varieties
r “ •
are found; the colour can be c ^ c related with iron con-
« tent (COOMBS, 1953; SURDAM, 1969) and varies from a very
* <$> *
pale, bluish green or brown in the iron poor varieties
» *
.‘to a deep green or yellowish brown in the i^ron rich 
, varieties. The colours are distributed rather irregularly,
i
at times grading from, almost colourless to brown in a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
single.grain. The colourless variety is normally mbre 
coarsely crystalline than coloured pumpellyites which
have slightly higher refractive indices and show
% , *
anomalous blue and brown interference tints. Coloured . 1
' 0 ■ ***
pumpellyite grains from zone 2 'usually show composite 
internal structure of variously oriented (very fine)
i
fibrous aggregates^whereas those from zone 3 often 
display better- defined (prismatic) crystalline forms.
Iberian Pyrite Belt pumpellyite analyses are 
presented in Appendix IV. Totals are somewhat erratic and 
'in terms of cationip proportions calculated for 
I Cations = 16 (COOMBS et al., 1976), - 
(Ca,Mn) 4 ((Mg,Fe2+ ,Mn) 2_x <Fe3+, A3.) x ) 2 (Fe3+ ,Al) 4 (SL, Al) g
°20+x(OH)8-x *See als° ALLMAN and DONNEY, 1973; PASSA- 
GI)IA and GOTTARDI, 1973)-, Si i's often in excess of •
the ideal figure of 6 . Some of these effects might
0 . ’ ’
rfesult from the rather unsatisfactory analytical con-
*
ditions related to the very fine grained aggregate
34 -
nature of the material analyzed. F e , in the octa- 0
hedral sit.e is low in some specimens and very h^-gh in
»
others (see Appendix IV); when plotted on a EFe-Al '
diagram a strong correlation is evident (fig. 5.7),
34-
confirming that the substitution Fe. Al must, be
significant, as suggested by DEER et al. (19.6 2) *
• Within individual specimens, pumpellyites may show
t
pronounced inter-, and intra-granular variations in
—  ii
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FIGURE 5.7, Change in EFe against Al in pumpellyites 
Closed circle's - zone 2; circumferences ■ 
zone 3.
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composition, particularly in FeOfc and Al203, which, is 
consistent with the results of the petrographic examin­
ation. The degree of compositional heterogeneity seems
to be a function of the extent of metamorphic recrys-
%
tallization being at a maximum in the least transformed 
samples. For a given rock sample, Fe-poorest pumpellyite 
varieties tend to occur within plagioclase.
On the Al-Fet-i?g diagram of COOMBS et al. (1976) , 
it is clear that most of the Iberian Pyrite Belt pump­
ellyites are Fe-pumpellyite (fig'. 5.8) according to
#« *
the classification scheme of PASSAGLIA and GOTTARDI 
‘(1973) (see also COOMBS et al., 1976) or ferropumpellyite 
according to that of MOORE (1971) . Further, a significant
4
variation in composition is apparent with Fe-richest 
varieties occurring in rocks from^metamorphic zone 2 .
SEKI (1961) drew attention to the 'low Fe. content of
4 * ' t '
pumpellyites from glaucophane schists and many authors' 
(e.g. IWASAKI, 196 3; 3ISH0P, 1972; KAWACHI, 1975) have
wfound a tendency for decreasing colour and hence iron 
content with advancing.metamorphism. Fe-pumpellyiteS'
v
with total Fe as Fe203 > 10 wt. % are characteristic of 
the zeolite facies and.prehnite-pumpellyite facies 
(ZOLGffUKHIU et al.-, 1965; SURDAM, 196 9; SHIMAZU et 
al., 1971; GLASSLEY, 1975;. KAWACHI,' 1975; BOLES and 
J COOMBS, 1977; LIOU, 1979; SWANSON and $HIFMAN, 1979; . s ■ 
OFFLER et a l ., 1981) contrast to values less than 
10 wt. % in glahcophane^ schists (SEKI, 1961; DEER et 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
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al., J1962; ERNST et al. , 1970; HERMES, 1973) and 
pumpellyite-actinolite facies (SEKI, 1958; KAWACHI,
1975; COOMBS et al., 1976; .NAKAJIMA et al., 1977) . While 
overlapping inta the field of less ferriferous pumpell­
yites, the Iberian Pyrite Belt specimens from metamorphic
zone 2 range up to Fe2°3 = ^ . 2 5  wt. %, but those' f ra/n
» *
zone 3 conform rather to the higher grade pumpellyite- 
actinplite field (see fig. 5.8).
-r * *
As pumpellyite replaces plagioclase its crystalli­
zation must have involved metasomatic introduction p f  
those components that are lacking in plagioclase (see 
KUNIYOSHI and LIOU; 1976a) . Therefore, some of the 
observed compositional variations must reflect variable 
pore fluid chemistry„(see PLYUSINA and IIVANOV, 1979), 
as well, as bulk composition, especially that of pump­
ellyite precursor minerals. There is evidence for this 
in some rocks, as more Fe-rich pumpellyites replace 
clinopyroxene than plagioclase. Nevertheless, the fact 
that there is a general correlation between pumpellyite 
composition and metamorphic grade suggests that the 
changes may be due to some intrinsic instability ofl 
iron-rich pumpellyites with increasing temperature ^» / o r  
pressure, permitting the preferential partitioning of
fv
iron into coexisting epidote, chlorite and actinolite 
(see COOMBS et aL*», 1976; LIOU, 1979). S
, *«•
A
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5.3.5 Amphiboles
a) Actinolite
Colourless to pale-bluish-green actinolite is
, present in most zone 3 metamorphic rocks, both as over- 
#
growths and pseudomorphs after clinopyroxene, and as
tiny needles or bundles of acicular fibres in the
matrix (Plate 1C) . In metamorphic zone 4, actinolite
becomes more abundant and coarser grained (Plate 7D);
although still showing pale greenish colours, zone 4
»
actinolites are only rarely colourless.
* f
The chemical composition of actinolites are listed 
in Appendix IV, and are plotted in figures 5.9a,b,c, and 
5.10. Within each rock sample, the. actinolites tend to 
be compositionally uniform and^'changes in Mg/Fe ratios, 
from rock to rock, are consistent and correlate well 
with changes in coexisting chlorites, if-
Al, Ti and Na contents of actinolites seem to be 
related to the metamorphic grade.
Actinolites from zone 3 average 1.94% A ^ O ^ ;  like 
those from other very low-grade metamorphic terrains the 
A ^ O ^  values are mainly less than 2%, although the Pyrite 
Belt figure is higher than that for pumpellyite-actinolite 
facies (.61%, Upper Wakatipu, KAWACHI, 1975; 1.27%,
Loeche, COOMBS et al,, 1976) and greenschist facies 
(1.61%, Upper Wakatipu, KAWACHI, 1975; 1.82%, East Otago, 
BROWN, 1967) actinolites of the intermediate and high
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIGURE 5.9a. Amphibole Al^O- content variation in relation 
to the metamorphic grade.
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FIGURE 9b. Amphibole Ti02 content variation in relation 
to the metamorphic grade.
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FIGURE 5.10. Chemical composition 
changes (expressed in terms vof 
'the actinolit^e-tschermakite-J - 
edenite components) in the South 
Portuguese Zone metamorphic 
amphibo.les. Closed circles - 
zone 3; square's - zone 4 (closed 
squares connect actinolite cores 
' and hornblende rims).
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pressure fa’cies series. Na2° values are low, averaging 
.28% and .47% for zone 3 actinolites coexisting with 
metamorphic assemblages with or without iron oxides 
respectively. The former value is comparable to that of 
the East Otago chlorite zone (.3%, BROWN, 1967) but lower 
than that of Upper Wakatipu meta-basalts (.66% for iron- 
oxide-free assemblages, KAWACHI, 19^5), whereas the 
latter is similar to those of' actinolites (coexisting 
with iron oxides) of the low pressure facies series 
(BROWN, 19*77) . _ T i°2 (average .0,6%) is^also verylow.
On entering-metamorphic zone 4, actinolite-average 
AI2O 3 , Na20 (note that zone 4 amphibo-les do not coexist 
with iron oxides) and TiC^ contents rise to 3.5 7%, .45%
and .14%, respectively, which are similar to actinolites
60
of low-grade contact metamorphism in the Karmutsen Group 
CKUNIYOSHI and LIOU, 1976b). 
b) Hornblende
Although the characteristic amphiboles of zone 4 -
meta-basites are members of the actinolite series,
minor amounts of bluish-green hornblende (and actinoli-
tic-hornblende, . 7*T *> A l ^  > .25) also occulir, both asv
petrogrhphically distinct phases or (most commonly) as
thin rims and irregular overgrowths on actinolite. Where
hornblende and actinolite are in contact-', optical ob-
servatioris and microprobe profiling indicate that an
*
abrupt transition is usually present. Gradational '
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variation between actinofite and hornblende is. occasion- 
'ally observed and microprobe data (see Appendix IV) 
indicates small-scale variability In -amphibole compos it io%, 
consistent .with' incomplete attainment of chemical equili­
brium. This is in accordance wit’h previous studies which
.  ‘ *
\
show the,^inconsistency 'of composition gaps defined by 
actinolite-hornblende pairs (e\g. GRAHAM, 1974; GRAPES, 
1975; GRAPES et al. , 1977) and ca'st serious doubts on
r
the reality of a miscibility gap within the caiciferous.
amphibple series (e.g. KLEI^N, 1969;'COOPER and LOVERING,
v o • ^
‘ 1970? MISCH and RICE, 1975') . *
In the transition from’ actinolite 'to hornblende,' 9
Al, Ti and Na contents', and A-site occupapcy increase 
» 1
(see figs. 9a,b,c and 10) indicating that the dominant 
exchange reactions taking plaqe ate those producing
tschermakite- (Ca_ (Mg,Fe) ,Al'Si,-Al_0__ (OH) _) and edeniteZ j c* ' D Z Z
(NaCa2 (Mg,Fe) ^ Si^Al022 (OH) ^ ) components, from the actino­
lite (Ca_(Mg,Fe)cSi_0__ (OH)_) to which the lower grade/ £ D O Z Z £. ,
amphiboles approximate; the dominant tsChermakite sub-
»■
stitution observed for the ^South Portuguese Zone specimens 
is, comparable to that of amphiboles ojf.the low pressure
facies’-series (GRAPES and GRAHAM, 1978).
VI * T •'Wherv. AL contents of hornblende (and actinQlitic
* * thornblende) rims are plotted against (Mg/Fe )r r qwu•core
(Mg/Fet)hornb rim ratios (fig. 5*11), an interesting 
linear relationship observed /(see FLEET and BARNETT, o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
* , l-AvV^i
n M v fc » -i-
as_*v
a
K q  core/rim*
» FIGURE Sill'. \A1 . hornblende rims) - ((Mg/Fe )actinolite 
t , • core/(Mg/Fe )hornblende ^imj relationships
for. zone 4 metamprphic amphiboles.
* '• *' ^  * • . %
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IWVS' / -,: 1* V-**' ■• • -r'" • ’ •' ’. • „ * ’v-
.S&M&sf*-. .
' f-' 'j, . >. ' TL, , '- 7 fVv-iiTfc- ’
4 2 ?  *
1978) .’ This data would, apparently, suggest equilibrium
' * »*
.  ^
between the amphibole pairs and similar information has 
been used to inf er ’equilibrium recrystalliza-tion and
to delineate a fniscibility gap in the Ca-amphibole
‘ ’ , - - ’ v - ’ * 
series' (e.g. TAGIRl, 1977).“ However, the distribution
„ •
• t rcoefficient (for the partition of Fe and Mg between' - i
• . ’ ' ’ . s 
hornblende and actinolite*) is observed to vary signifi-
* * , 
cantiy (from 1.1 to.2 .1) .wijthin individual rock samples.
Given the intra-sample compositional uniformity o f
• « * *
actinolites', the data of figure 5.7 should, refledfc a
• » • t>
1 VIpositive correlation between hornblende Al contents
and Fet/Mg ratios (see also GRAPES et a-1. , 1977) ratber
4 . 1  t
6 * -5 * '
than equilibrium among the amphibole phases. This data
^  ■- 
isi’consistent, with the chemical •and*''petrogr'aphic
• ' r . *  ^ t "• *
features described above and all indicate that horn-
f *
blende- and^actinolite are not .generally in mutual  ^
equilibrium.; AKELLA and ."WINKLER (1960) and LIOU et al.
. • - *T
(1974) found that amphibole reactions are extremely, slow
V v *  "  < t aw * * ,
at low flu^Ld-'pressures so that compositional adjustmenti , ' 1 *■ * '
*  *  V *
would not be completely attained with advancing meta-
'4 «* •*
morphic grade, and that sbme actinolite could coexist
‘ with hornblende. Accordingly, the observed geperal
• ■* * *  ' ' •
tendency’ for hornblende rims to enclose actinqlite. cores*
* * . ’ * i % ,
may be interpreted -as a^reactio.ft‘texture in whichT
y * f »■*£  ^ v *
actinolifiSJ represents .relicts of an earlier ^ sJLowerx , -
grade stage of prograde—itietametphism.
-a?K
r
m .
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• LIOU e t ’al. (1974) have suggested that increasing
1 ' V
f&2 would reduce the temperature range of the greenschist- 
ampW.bolite transition zone. The observed wide range of 
amphibole compositions (coexisting with albite and 
_chlorite) in the South Portuguese meytamorphic zone 4 
(chlorite grade) meta-basites (as well as in higher
grade meta-basites elsewhere f *e .g. GRAHAM, 1974; GRAPES,
■m
19 75) where ifon-oxides are absent, contrast with the
abrupt (rapid) -actinolite-hornblende compositional range
*
during prograde metambrphism iii terrains where higher
fo prevailed (e.g. COOPER; 1972), and might be taken to 
• * * ^
.support LIOU et al.’s (1974); hypothesis.
* " i*
5.3.6 Chlorite „ .
' N  . ’Chlorite is one of the most abundant minerals in 
- • *» * .t
pelitic and .psammitic rocks irrespective of host rock 
composition or ijietamorphic grade. Chlorite modal 
abundance is Usually ‘above 20% in mafic rocks of meta-
morphic zones 2 and 3 (except where actinolite is~~plenti-
► • * r
ful; 10-1*5%) , but" drops to 5% (or less1)'<• in similar
s - *
lithotypes of zone 4. '• (
Chlorite originated by replacement of igijeous
feldspar, pyroxene, amphibole; mica and (probably)
* " ,
.original- glass, -and occurs as aggregates of tiny flakes.
i The most common chloritic mineral is pale green and has
*
\anomalous blue* interference tints, but le^s common6 *4* * * *
* • 0 . A
• * I
° ( ,
* '/ » . - ■ \
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varieties tftay range from almost coloiirless and isotropic
to deep greejv-with yellowish brown interference colours.
\ *■ /
Microprobe analyses (see Appendix IV) show that
i »
, chlorite compositions tend to be uhiform in "individual
rocks (except in those samples wfiere ~re.crystallization
has .been inc ipient and chlorite composition depends on
* . ,
i *
that of the precursor mineral), although there are con-
* ‘ t  - >
siderable variations in Mg/Fe ratios which is consis-
f 2+tent with Mg/Fe of the host rocks. —Al^O^/SiC^ -ratios
vary significantly, being highest for chlorites in
#
pelitic rocks (fig. 5.12). In'mafic rock's, chlorite ‘
i+ % * t  ‘
SiO_ contents tend to decrease with increasing Fe /
“ * * ‘
Fet + Mg ratios (f.ig. 5.12) (see also .FOStER, 196 2) .
* < i
Examination of .chlorite structural formulas ;(most
tr - * * '
VI * IV ‘ ‘ Ncommonly Al > Al ; see Appendix IV) provrde no
i ^ e
ready explanation' for this fact." Compared with chlorite
of metamorphic zones Z and 3 rodks, chlorite in zone 4
t tsamples "(with similar Fe /Fe + Mg ratios) is enriched in 
A^O^-and impoverished in SiC^ (fig* 5.12; see also. , 
KUNIYOSHX and LIOU, 19 76b). Thus, it seems that, with 
increasing temperature, chlorite consuming reactions' used 
, prefdrential-ly the antigorite component favouring the
i
.replacement of tetrahedral Si by4 Al.
' * * ,
According to the classificktiori scheme of FOSTER
(196 2) most chlorites from the Iberian Pyrite Belt aire
a «
brunsvigite and some are diabantite and ripidolite. e
/
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5.3.7 White Micas '
a) Pelitic-Psaxnmitic Rocks .
Muscovite-illit:e (FREY, 1978) which occurs in pelitifc
and psammitic rocks of zone 2t and zone 3 is characterized
by a loR basal reflection- not affected by glycol treat-
<£ ■.
ment and displays better crystallinity values (anchimeta- 
-morphic to epimetamorphic; KUBLER, 1967) than those of 
illites in similar sediments of .zone 1. The d(060)
, spacings were measured in three pelitic rocks of zone 2 
and averaged 1.4998, indicating a negligible phengite 
-content (M. FREY, pers'. comm.., 1975).
Muscovite crystalli ndTty of all zone 4 samples is
<2.5, indicative of epimetamorphic conditions'" (KUBLER,
o /
196 7). As for zone 2 muscovite-illite, the average
d(060) value is 1.4998 (4\ samples), indicating that
muscovites of zone 4 contain*only very small-'amounts of
phengite component (GUIPOOTI and SASSI> 1976). Micro-
<
probe analyses (Appendix iv) show Si = 6 .2-6.3 for 0 = 22 
per formula unit, and 7-12% paragonite component in
“ _
muscovite. » . - ,
' i t
Paragonite >*as identified in one red-phyllite 
sample from the Touril Formation (Pomarao,' z.one 2; 
see BOOGAARD, 1*967) and it was also reported (as well as 
pyrophyllitey "by LECOLLE and" ROGER (1976) .
#■ ' . s , , %
' • r
b) Mafic Rocks ' & •1 " * v -» ~
The rocks examined commonly conta’in variable amounts
* '
, $ .
i * • -* . ' • -
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of white mica which occurs as. colourless to very pale 
green, thin flakes replacing igneous feldspars. However, 
it is difficult to decide (on textural grounds) whether 
..the white micas recrystallized during regional meta­
morphism or correspond to an earlier (hydrothermal) 
alteration episode. Microprobe analyses were obtained 
(Appendix IV) in a small patch of relatively well recrys- 
tallized mica ^apparently in textural equilibrium with
* i
pumpellyite-prehnite-chlorite-albite) within plagioclase
in sample 564-10, and in quartz'pumpellyite-prehnite- »
*
chlorite-albite vein, in sample 549-23 (see fig. 5.13).'
a “■
The* analysed white micas are clearly phengit'ic with Si/Al
l *
in the tetrahedral site much higher than 3:1 and Si =*
6 .6 -6 . 8  for 0*= 22 formula unit (in contrast to Si =
6 .2-6.3 for pelitic rocks; see GUIDOTTI and SASSI, 1976);
A ’ 4 - ^
Na20 (.07-.10%) and TiC>2 (.02-.03%) contents are very^
— -lew and comparable to those of very *Low-grade phengites * 
from Loeche (COOMBS et al., 1976)’and Upper Wakatipu 
(KAWACHI, 1975). V  ‘
• *■
5.3.8 Stilpnomelane
- f *
Stilpnomelane (always less than 2%^modal) occurs
y in well'crystallized sheaves, radiating sprays or as
platelets (Plates 7E,F), in some meta-volcanics and meta- 
* « *
cherts of zones 2 and 3 (small amounts of stilpnomelane 
may also be present in some psammitic rocks, as indicated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
FIGURE 5.13. '•White mica-chlorite-stilpnomelane-K- 
feldspar-chloritoid relationships in ' 
the Southern Portuguese mefamorphic 
rocks, and in certain pelitic rocks 
from the Glaurus Alps. Closed circles 
•mafic rocks (this study, zone 2); 
triangles - pelitic rocks (this 
study, zone 4); open circles - 
Glaurus Alpes (FREY, 1978; green- 
schist facies). • ,
permission of the copyright owner. Further reproduction prohibited without permission.
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iron content and relatively low concentrations in*Mg and
« • * * • ?
Al m  "the original'rocks are, besides temperature, the
main factors which detetmihe the formation of stilpnomel1
 ^ ane. An increase of Al or Mg favours the formation of
; • . • /
\chloritoid (see fig. 5.13) or chloriterespectively, ‘ '
instead of stilpnomelane. If it may be assumed that
Fet/Fet + Mg of chlorite reflects (essentially) the FeO/
MgO ratio of the host rock, then by analysing the co-
m* *
existing chlorites,, it could bd7possible to define the
I t
limiting FeO/MgO (rock) rati9 under which stilpnomelane
■> " *
' V.
would appear in similar samples. Regarding the.Pyrite
\  '  *  < •  *  ^  ‘  .
Belt stilpnomelane occurrences, this value should
correspond to FeVFet '+ Mg (chlorite) between '.55 and
r *• •
.60 for iron oxide-free assemblages (except for K„0 -
* V I  I • *• C*
fi^ rocks)*, but it must be as ^ow-as <.51'£or mineral
r, ' « * » 1 v *•• „ * o <
■* ' associations including magnetite T±- hematite. This obser-
/ ■ ' ' (t‘ ^
vati'on indicates that ,the minimdm FeQ/MgO. (rock) re­
quired to -stabilize stilpnojnelane should decrease with
4 ; -1
increasing foJ^and suggests in addition that stilp-
C I *  “  *  , *
nomelane should include significant amount^ of Fe
■ . ■ ' \ during metamorphic recrystalli^zation. The variable .
. -i
slope <*f the'chlorite-stilpnomelane t,ie-lines (fig. 5.14)
\ * ’ i
corroborates this hypotheJri6 and also suggests that t^ ie
* 3+ 4amount of Fe entering the stilpnomelane structure in­
creased with increasing oxidation of the host rock.
• " * f ’ V- *, 4
Mi»,ort-Vi<>ioas ni von that the iron. oxide free stilonomelane-
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'  & PllATE 7
A. Fe-irich pumpellyite replacing clinopyroxene pheno- 
- crysts (S. Domingo, South Portugal).
B. Pumpellyite replacing plagioclase and groundmass 
material in meta-dolerite (Cc - calcite), (Pomarao,
South Portugal).
C. Actinolite acicular crystals in zone 3 meta-basite 
(-7 km east of Calanas, South Spain) .
\ * *~
D. Nematoblastic texture of zone 4 greenschist (Trindade,
. South Portugal.
E. Sktilpnomelane in prehnite-pumpellyite facies meta-
dolerite (Grandola, South Portugal) . -- ; f
fti ,
F. Stilpnomelane in metamorphic 2 one 3t meta-basite
(~7 km east of Calanas, South Spain). * '
■0
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4 3 7 .
by a Weak 12 8  reflection on XRD patterns).. It is absent 
from all of the examined meta-volcanic and meta-pelitic 
rock samples of zone 4. In the present area, stilp­
nomelane was never observed in association with 
chlorite-hematite and pumpellyite-actinolite or with
i *
any prehnite-bearing assemblage, but it was frequently 
found in apparent textural equilibrium with chlorite- 
magnetite and chlorite-magnetite-hematite (contrast.
BROWN, 1967).
Most stilpnomelanes in the Iberian Pyrite Belt are 
strongly pleo’chroic from light golden broVn to deep
brown (sometimes reddish), but pale greenish -varieties
* 3+ 2+also occur, indicating variable Fe /Fe (H U TTO N , 1938).
Microprobe analyses of stilpnomelane specimens 
from seven mafic meta-volcanic rocks and of two indi- 
vidual .crystals of parsettensite fpom-a meta-chert have 
been recalculated to stilpnomelane formulae, by normal­
izing the cations (except for Ca^ Na, K) to 7.5 
(EGGLETON, 1972), and the results are given in Appendix 
IV. Average Mg/Feratios show some variation, from 
sample to sample (fig. 5.14), which is consistent with 
that of coexisting chlorites, although (as discussed' 
below), it seems lhat the Mg/Fet partition between
chlorite and -stilpnomelane is dependent on the mineral
/
as'sejjpblage. The range of analyses is characteristically 
enriched in MnO and poor in, Ti02 contents relative to
. ' _  ^
u|
f I
:ll'Tl
riCl
m
;^l2&m
$1
III
I
f 51Ml
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those of HUTTON (1945) . . Green stilpnomelane (sample
495-8) is enriched in I^O (2.9%) relative to brown
’
varieties (.3-1.7%), in accordance with the results of
previous stilpnomelane chemical studies (e.g. BROWN,
1971; GRAHAM, 1976). ~ .
Elsewhere (HUTTON, 1938) stilpnomelane has been 
*
observed (especially in weathered samples) to be zoned 
• * < 1
from a green c.ore to brown rim and rock specimens have 
jn found which haive brown stilpnomelane on the surface 
and g^een stilpnomelane within (e.g. ROBINSON, 1969; 
BROWN, 1971); also, some green stilpnomelane specimens 
have been observed to turn brown during long term ex­
posure to*, the, atmosphere (EGGLETON, 1978). On this 
basis', and because many rocks with brown stilpnomelane 
(ferri-stilpnomelane) have other minerals which indicate 
^rmation at low f02 ?BROWN, 1967), the occurrence,'of 
■ferri-stilpnomelane has been attributed to secondary 
(post-metamorphic) alteration of green (ferro-) stilp­
nomelane (HUTTON, 1938; ZEN," l96(flf*feROWN, 1967; 19v71) ,
 ^ s *
*
BROWN (1967; 1971) discussed this problem in'detail-and 
concluded that all stilpnomelane crystallizes during 
metamorphism with oi-ily negligible^amoui^ts (less than 
5%) of the iron in-the .ferric state. The. present study1 . O
has brought out some evidence "a^l^nst this generalized
I\ f -'i
concept. -
It has been recognised n^ INKLER, 1974) that a high •-5T v
I
r
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"iron content and relatively low concentrations in. Mg and 
Al in the original" rocks are,/ besides temperature, the 
main factors which determine the; formation of stilpnornel- 
ane. An increase of Al or Mg favcSurs the. formation of 
vchloritoid (see fig. 5.13) or chlorite, -respectively, 
instead of stilpnomelane. If it may be assumed that 
Fe^ '/Fe*' + Mg of chlorite reflects (essentially) the FeO/ 
MgO ratio of the host rock, then by analysing the co- 
existing chlorites., it could be7possible to define the 
limiting FeO/MgO (rock) ratig under which, stilpnomelane
■* " i
. would appear in similar samples. Regarding the. Pyrite
\  *  *  *  ~  ’  .  • .
Belt stilpnomelane occurrences, this value should
t t ^ ,correspond to Fe /Fe , '+ Mg (chlorite) between ,55 and
<» * \ 
.60 for iron oxide-free assemblages (except for K_0 -
S » ^  6
fi^j rocks)*, but ■ it must be as }owas <.51 for mineral
 ^ • ' » • s ‘
* ‘ associations including magnetite ± hematite. This obser- 
vati'on indicates that .the mininuim FeQ/MgO. (rock) re­
quired to -stabilize stilpnomelane should decrease with
* : 
increasing fO.^and suggests in addition that stilp-
£ I • “ * , *
nomelane s'hould include significant amount^ of Fe 
during metamorphic r’ecrystall\zation. The variable
» . , J
slope qf the’ chlorite-stilpnomeland t,ie-lines (fig. 5.14)
corroborates this hypothesis and also suggests that the 
. * .,
amount of Fe entering the stilpnomelane structure in­
creased* with increasing oxidation of the host rock. 
Nevertheless*, given that the irp^-’oxide fr’^g stilpnomelane-
8e-al
■ J
»
< ..............- • - - . -_____-■_._____ i-_. . _______________________ >. . «. • ~ t
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FIGURE 5.14. Al:Fe :Mg relationships for coexisting chlorites and stilpnomelanes 
in the Iberian Pyrite Belt meta-basites (mt: coexisting with mag­
netite; mt-hem: Coexisting with magnetite + hematite).
/
1 bearing assemblages (metamorphic zone 2 : pumpellyite- 
chlorite-epidote-stilpnomelane ± muscovite) and the
9
stilpnomelane + iron oxide bearing assemblages (meta­
morphic zone 3: actinolite-epidote-chlorite-stilpnomel- 
ane-magnetite ± hematite) are not isofacial, it is not 
possible, without further information, to decide whether 
the crossing tie-lines result from differences in,-oxi­
dation state, between samples, from variable (3x/3T) 
values for chlorite and stilpnomelane (GREENWOOD et al., 
1964) , or both; the -former explanation seems more likely 
on the basis of BROWN'S (196 7) data and because meta­
morphic zone 3 sample E-13g, (pumpellyite-epidote- 
actinolite-chlorite; collectecl\only. a .few meters away 
from samples E-13 and E-13A which contain stilpnomelane 
+ iron oxides), for which Fet/Fet + Mg (chlorite) =
.543, stil'l does nbt contain stilpnomelane.
BROWN (1971) claimed that the assemblage muscovite-
i . . 1 .chloritfe-magnetite/hematite is chemically equivalent to 
a ferri-stilpnomelane and that, in consequence, ferric- 
iron stilpnomelane should not be stable over the same 
p-T conditions. In the Iberian Pyrite Belt the above 
restrictions do not apply because muscovite is absent
i
from stilpnomelane + iron oxide bearing assemblages. 
Stilpnomelane was formed to accommodate the high values 
of the Fe/Al ,+ Mg ratio and available 1^0 in the^  host 
rocks.
i
tl
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Based on s'tilphomelane crystal structure, EGGLETON 
(1972) concluded that both ferri- and ferro-stilpnomelane 
could be equally stable given the appropriate oxidation 
conditions. The results of the present- study are con­
sistent with EGGLETON’s (19 72) observations (note that 
stilpnomelane is absent from metamorphic assemblages
where hematite is the unique Fe-oxide - sample 468-7
3 + 2+indicating an upper limit for Fe Fe substitution)
and indicate- that the common assumption regarding the
secondary 'status of ferri-stilpnomelane should perhaps
be re-evaluated. ■- ,
Within £he framew^?^ of the foregoing discussion it
is interesting to note that stilpnomelane, as well as
chloritoid, are absent from zone 4 pelitic rocks; this
t tis so in spite of the fact that Fe /Fe + Mg.(chlorite) = • 
.682, which is above the critical value under which 
stilpnomelane would appear in iron o„xide-free mafic meta- 
volcanic rocks. The metamorphic assemblage is muscovite- 
chlorite-quartz-albite and at least six chemical compon­
ents must be reckoned with (SiC^, A^O^, FeO, McjO, Na2 0 ,
Ko0); for arbitrary values of the external (P-T) conditions 
2 \
the system is allowed at least two independent means of
I
compositional variation and, in consequence, given a 
certain Fe/Fe + Mg ratio in chlorite there is still a 
possible Al/*(Fe,Mg) compositional range for which 
neither stilpnomelane nor chloritoid appear as addition-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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al phases (fig. 5.13) , therefore' explaining their absence • . -
/
from the examined rocks. • .
5.3.9 l~F^i^sPars
a) Albite
Composition, optical properties and occurrence of 
secondary plagioclases, in the lower grade (zones 2* and 
3) metamorphic rocks of the Pyrite Belt, have already 
been described in Chapter -4 (see section 4.2.2.2(B)).
The most frequent plagioclase was found to be low-temper- 
ature albite (An'content <5%), but it must be emphasized 
here that incompletely albitized plagioclase (An >10%) also 
occurs, even in samples where Ca-aluminosilicates (e.g. 
pumpellyite, prehnite) axe well developed. In metamorphic 
rocks Of zone 4 plagioclase occurs mostly as clear,
Untwinned, blastic crystals and microprobe data indicates 
a fairly uniform compositional range from An£ to An^.
b) Ba-feldspars
Hyalophane (CsQ ^ g_ 21 _ 20 r7 3 . 3-84 . 0Ab5 .1-7 . 7Ano) and 
(extremely rare) celsian (Cs^^Or,. 5 ^ 5  iAn 4 * (see 
Appendix IV) occur associated with rhodonite, spessartine, 
and parsettensxte(see Appendix IV) in Mn-rich units 
(associated with chert) at Courela .das Ferrarias mine 
(Castro Verde, South Portugal - metamorphic zone 2).
All thesia minerals have been observed replacing and/or 
overgrowing early barite, rhodochrosite and Mn.-chlorite
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(also caryophilite) interpreted having been formed during 
regional metamorphism.
5.3.10 Non-Silicates
Calci-fe iron oxides and sulphides were formed (mostly) 
during the hydrothermal event. These minerals may recrys- 
tallize or, in some cases (especially in rock samples 
showing lower degrees of hydrothermal alteration), they 
may be consumed during "regional" metamorphic reactions.
In addition to highly metasomatized (hydrothermal) 
carbonate-hematite rich rock samples, stable metamorphic 
assemblages, involving Ca-aluminosilicates + iron oxides, 
include: pumpellyite-epidote-hematite in mafic rocks ofT
zone 2 and 'actinol’ite-epidote-chlorite-hematite and/or 
magnetite ± stilpnomelane in mafic rocks of, zone 3.
Newly formed iron oxides are usually absent from 
meta-doleritic rocks where igneous Fe-Ti oxides have 
been, in most cases, replaced by dense, turbid, aggre- 
gates rich in sphehe.
Rutile was identified by"XRD analyses and it seems 
to be a common mineral in Ca-aluminosilicate-free, 
carbonate-rich mafic meta-volcanic rocks (with or ^
without sphene) of-zones 2 and 3; rutile was also 
observed as a minor accessory phase., associated with 
pumpellyite-prehnite-chlorite-calcite-sphene, in meta- 
do leritic rocks of zone 2 .
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5.3.11 Summary of the Mineral Chemistry Changes With
Metamorphic Grade *
The following comments summarize the relationship
between metamorphic grade and composition of metamorphic
’minerals'. Composition of epidote, although conditioned 
by fC^ variations, change continuously from Fe-rich to 
Al-rich with increasing metamorphic grade, becoming
i # ’
essentially clinozoisite in metamorphic rocks of zone 4.
Purap&llyiteu, composition appears to be largely controlled
by nucleation site (and host rock) chemistry, but the
iron-richest varieties occur in the lower grade meta-
v
morphic rocks of zone 2. Composition of chlorite 
correl-ates with that of the host rock; for similar litho- 
type chemistry, zone 4 chlorites are enriched in •
and. impoverished, in SiC>2. Al, Ti and Na contents of 
actinolite increase with increasing metamorphic grade; 
hornblende appears at zone 3-4, boundary.
An interesting point borne o.ut pf these observations
and confirmed as' a general rule by previous studies
\
(e.g. KAWACHI, 1975; KUNIYOSHI ahd^ LiOU*', 1976b; COOMBS 
et al., 1976), is that high temperatures'tend to favour
V, *
more aluminous and less ferric varieties of the mineral 
phases concerned. Except for th^ eventual appearance/ 
disappearance of new phases, different, continuous, pro­
grade reactions seem to use preferentially the Ca-alumino 
silicate Fe components, with consequent re'dxstnbution
- ___________________________________
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of‘iron among coexisting silicate and/or oxide’ phases.
These compositional changes may,reflect intrinsic res-
' 3+tricted stability of the solid solution Fe -end members 
and/or a general fervency for decreasing fOy with in- 
creasing metamorphic grade (see COOMBS et al., 1976).
The actual reaction mechanisms are still poorly understood.
• ' > *-
5.4 'APPROACH,TO EQUILIBRIUM
A
Individual mineral grains in the Pyrite Belt meta-
volcanic rocks are of igneous, hydrothermal-, and regional
metamorphic origin-? there is evidence that some of the *
s
secondary minerals formed in a definite .paragenetic 
sequence, and that coexistence may be due tp incomplete 
reactions. In addition, electron-probe•analyses reveal 
that there is intra- and inter-grain inhomogeneity in 
the Fe/Al ratio of epidotes and pum^ellyites (similar 
compositional non-uniformity for these minerals has 
also been observed in other metamorphic terrains of 
comparable metamorphic grade and it is commonly attri­
buted to the difficulty of extensive equilibration of the. 
cations Fe3+ and Al in epidote and pumpellyite (BROWN,
1967; KAWACHI, 1975; COOMBS et al., 1976). Furthermore,
* .
it has been shown that in the'case of pumpellyite, some 
compositional variations reflect variations in the 
composition of precursor minerals and (probably) pore
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
solutions from which it formed, rather than from
I
equilibration with other minerals. Crossing tie-lines 
betweeri certain punipellyites and chlorites (fig. 5.15), 
though it may also result from differences in oxidation 
■state between rocks, probably account for the' incon­
sistency in pumpellyite composition. Clearly, Equili­
brium has not generally been attained.
On the other hand, chemical variation of individual 
minerals between thin sections is commonly greatef than 
in the, one thin section, as for example in the case
.n ^
of chlorite and actinolite minerals. Furthermore,' 
the sympathetic variation in Mg/Fe in chlorites, actino- 
lite, stilpnomelane, and "(many) pumpellyites (fig. 5.15) 
suggest an approach to equilibrium in this respect (see 
also-COOMBS et al., 1976). The observed Mg/Fefc distri­
bution coefficient (k.D = 1.49) between chlorite and 
actinolite (fig. 5.16) is lower than that reported by 
BROWN (1967) ,► KAWACRI (1975) and COOMBS et al. (19£6)
(kD = 1.72) for chlorite-actinolite .pairs of the pump- 
ellyite-actinolite and greenschisf facies of the high, 
to intermediate pressure facies series. KD values are 
independent of the metamorphic grade and show*-a remark­
able uniformity among the studied samples, indicating 
that extensive equilibration, involving interchange of 
Mg and Fe between actinolite and chlorite, was readily 
achieved.
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FIGURE 5.15. Coexisting metamorphic minerals from 
the Southern Portuguese Zone; atomic 
proportions Al'rFe^Mg.
&
! I
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Mg/Fe* Chlorite
FIGUjRE 5.16. Mg/Fe ratios in coexisting actinolite and 
chlorite. Squares-- metamorphic zone 4; 
stars within circles - karmutsen, contact 
me tamorphi sm.
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Common mineral assemblages in the studied area are:
albite + chlorite + pumpellyite +J sphene ± prehnite +
epidote ± white mica ± quartz ± calcite in meta-volcanic
rocks of zone 2 , albite + chlorite + epidote + actinolite
, + sphene ± pumpellyite ± white mica ± quartz + calcite 
»
or albite + chlorite + epidote + actinolite + sphene + 
iron oxides ± white mica + stilpnomelane ± quartz ±
i
calcite in meta-volcanic rocks of zone 3 and albite + 
actinolite + epidote + chlorite + sphene ± white mica ± 
quartz ± calcite in meta-volcanic rocks of zone 4 (pyrr- 
hotite and/or pyrite may be additional phases). these 
s minerals may be described in an eleven ^ component system, - 
SiOv>, Al'20 3, Fe20j, FeO, MgO, CaO, Na20, K2'Q, Ti02 , CC>2 
and .H„0 -,vand the coexistence of any nine solicO,'phases
i
is compatible with divariant equilibrium, even ifl both
j ' V
CO^ and H 20 are regarded as boundary value or mobile 
components (an assumption which is not necessarily 
valid (see ZEN, 1974.J). The number of "coexisting" 
phases depends on the rsize of the domains chosen for
* i
consideration, and ZEN (19^4) considered minerals,. to
# * \
actually coexist if present in an area*ho larger than
1 mm in diameter, showing no evidence of reaction
relation, and which are not obvious relicts. If the
paragenetic relations are defined under these restrictions,
* '
then the observed "mineral assemblages in the mafic meta- 
volcanic rocks of the Pyrite Belt are rather simple and
§
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do not includey :yn general, more than 5 or 6 minerals.
If in the Pyrite Belt mafic rocks albite is regarded 
as representing Na^, mica'K20 , sphene TiC>2 and quartz 
excess si0 2' t^e remainder (sulphide' free) mineral - -
assemblages will be controlled by available 
Fe20^, FeO, MgO, CaO, (perhaps) C02 (H20 may be considered 
either an excess or a boundary-value component; THOMPSON, 
1955) and by the values of external variables. Assem­
blages in this simplified system can be represented in a
3+ 2 +tetrahedron involving the oxides of Fe , Al, (Mg,Fe ) 
and Ca; one should note, however, that (Fe,Mg)0 cannot 
strictly be regarded as a single component (see ZEN,
1974) arid, for high ratios of available FjeO/MgO stilp- 
nomelane may appear as an additional phase. 'In figure 
5.17 some'mineral parageneses for each metamorphic zone 
of the studied area are l^ated in the 4-component
0s
tetrahedron. ' The three and four phase assemblages, 
excluding albite, quartz, mica, and sphene are shown in 
the diagrams which strictly apply to the stilpnomelane- 
free compositional range. With or without the excess 
phases, the compatible' assemblages (or partial assemblages) 
were actually observed while predicted incompatible
m .
assemblages were indeed not commonly found. Careful
* o
petrographic examination showed, however, that in some 
mafic rocks five or six minerals (pumpellyite-epidote- 
chlorite-calcite-hematite (rare); pumpellyite-prehnite-f i
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m
M i n e r a l  a s s e m b l a g e s  o f  s o m e  p r e h n i t e -  
p u m p e i l y i t e , p u m p e l l y i t e - a c t i n o l i t e  
a n d  g r e e n s c h i s t  f a c i e s  r o c k s ,  f r o m  t h e  
S o u t h  P o r t u g u e s e  Z o n e ,  i n  a t o m i c  
p r o p o r t i o n s  o f  F e 3 + - A l - C a - ( F e 2 + ,
M g ) ,  i n ' p r e s e n c e  o f  a l b i t e ,  w h i t e  
m i c a ,  s p h e n e  a n d  q u a r t z .  ,
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epidote-chlorite-calcite (very rare); actinojuite-
pumpellyite-epidote-chlorite-calcite; actino|ite-
v
epidote-chlonte-stilpnomelane-hematite and/pr magnetite 
"(mica is absent)) can coexist. This observation may be 
explained by one or more of the following assumptions 
(see ZEN (1974), GLASSLEY (1975), COOMBS etlal. (1976)):
1) MgO and FeO behave as separate components;
2) C0 2 does not behave as a boundary.-value component;
3) the observed assemblages'are of low variance.
These considerations, if the assumptions are valid,
suggest that" miheral assemblages in the mafic volcanic 
rocks of each metamorphic zone have approached phase 
equilibrium, at least within limited domafLns
5.5 METAMORPHIC REACTIONS
5.5.1 XCQ in the Fluid Phase: Appearance and Non-
Appearance of Ca-Aluminosilicatds 
Detailed examination of prehnite-pumpellyite facies 
mineral associations in several metamorphic terrains 
demonstrate that other factors, besides temperature and 
pressure, must also be controlling bne mineral para- 
geneses. Specifically, the presenqe of a fluid phase, and 
its composition, are important in /governing phase equili­
bria. ZEN (1961; 1974) and COOMBS et al. (1970) have 
concluded that prehnite-rpumpellyite assemblages will
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only occur when the chemical potential of.CO. is relatively
V ^o
low and THOMPSON'S (1971) calculations indicate that these 
assemblages will develop in water-rich environments.
Within the prehnite-pumpellyite facies in the 
Iberian, Pyrite Belt the- spatial distribution of prehnite 
and pumpellyite is irregular and alternative assemblages 
including quartz + carbonate + rutile (instead of Ca- 
aluminosilicates + sphene) may occur in fifearby outcrops 
of the saTrte lithotype. Furthermore, in the mafic rocks 
there is a close association between epidote and calcite, 
whereas prehnit© and pumpellyite are systematically ° 
absent from carbonate-rich samples. All these features 
indicate a considerable variation of X^Q in the fluid 
phase during metamorphism (e.g. ERNST, 1972; SEKI, 1973; 
SURDAM, 1973; GLASSLEY, 1974; HUNT aftd KERRICK, 19 77). 
GLASSLEY (1974) calculated that prehnite-pumpellyite 
facies mineral assemblages are limited to environments 
where the X^q is less than 0.2 at 1 kb (total fluid 
pressure) and less than 0.15 at 2 kb. Since for the 
Pyrite Belt metamorphism P was, probably, not less than 
1 kb (the meta-volcanics now exposed were covered by at 
least % km of Culm sediments), XCQ is then unlikely to
have exceeded 0.2 in'all those .rocks containing’prehnite
\
and pumpellyite.
As it is shown in figure 5.18, by decreasing 
(Vq q being relatively low) , .^t is possible to pass
7
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F I G U R E 'S\^18T'^&ehematic (uCO~— yH_0) phase relations 
of epidote (epf Ca„Al Si"-01 „ (OH) ) , 
prehnite (pr, CaAl^Si :T0 :? (OH) ) , 
pumpellyite (pu, CS4 (Mg7Fe)AlcSigO,^ 
(OH)7 ), actinolite (Act, Ca2 (Mg,Fe)5 
SigO^z (OH) 2 ) r. chlorite (chi, (Mg,Fe>5 
Al2s>'3-3°10 (°H) 8 ) and calcite (Cc, CaC0 3 ) 
in the presence of excess quartz, in 
the system- CaO-Al20 3 -(Fe,Mg) O; (see 
KORZHINSKII, 1957; and ZEN, 1966 for 
related calculation details).
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progress i've ly, isothermally and isobarically through
assemblages representative of prehnite-pumpellyite and
g r e e n s c h i s t  facies. At h i g h e r  v a l u e s  of ^ , c l a y -
2
carbonate assemblages will be stable instead (see COOMBS 
et al., 1970; SEKI, 1973); formation of,epidote, like 
zeolites, prehnite and pumpellyite, may also be 
inhibited at high r and it is indeed absent in some
highly carbonatized! mafic rocks of the Pyrite Belt.
Although figure 5.18 demonstrates that mineral 
assemblages of the prehnite-pumpellyite and greenschist 
facies may in'principle develop under isothermal-isobaric 
conditions, evidence from several metamorphic terrains 
of comparable grade (e.g. COOMBS, 1960; H A S H I M O T O ,
1968; SMITH, 1969; SEKI et al., 1969; 1971; HASHIMOTO 
and SAITO, 1970; JOLLY, 1970; 1974; BISHOP, 1972; KAWACHI,'* V
1975; RITCHER and ROY, 1976) indicate a regional transi­
tion -from zeolite facies through prehnite-pumpellyite 
facies assemblages to greenschist and higher grades of 
metamorphism. This transition is in general accompanied 
by increasing mineralogical reconstitution and internal 
deformation. There can be little doubt that in such 
cases pressure and/or tempefciture • are the main parameters 
governing the metamorphic crystallization sequence. If 
this were not so, uH 0\ and ^c0 assuming-equal importance
2 " 2 i
w i t h  T  a n d ' P  in c o n t r o l l i n g  m e t a m o r p h i c  a s s e m b l a g e s ,  
o r d e r l y  m e t a m o r p h i c  z o n a t i o n  w o u l d  b e  the e x c e p t i o n  r a t h e r
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than the rule. Therefore, it seems that if y„ _ and
2 2
behave as independent variables their effect on 'mineral 
assemblages would be in general of local amplitude super-
, • t
. v\
posed on the regional metamorphic trend defined by p^lsure 
and/or temperature gradients.
Discussion of phase equilibria in the literature on 
low-grade metamorphism, commonly assume that both C02 and 
’ H^O are boundary-value components (ZEN, 19 61; MUFFLER 
and WHITE, 1969; COOMBS et a l ., 1970); however, for some 
'rocks at least, e<5[ual success might be found if CC>2 
were, taken to be a buffered or initial value component 
(ZEN, 1974). Regarding the implications of the.se
, /
concepts on attempting to explain ,the distribution of 
prehnite and pumpellyite minerals in the Pyrite Belt, 
one should remember the polymetamorphic history of the
volcanic io'cks in this area. Clearly, chemical reactions
, * *
taking place (under prehnite-pumpellyite facies conditions)
V •*
during regional metamorphism must reflect the type and 
extent of the previous hydrothermal alteration event, as 
well as the amounts and composition of contemporaneous 
fluid phase.
Extensive hydrothermal precipitation of new phases 
might have reduced porosity and permeability, in accor­
dance with the following isotopic evidence: the pillow
lava sample 559-102 (see table 4.2), composed of albite 
(>40% modal), chlorite, calcite, and epidote together with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
accessory hematite and pumpellyite, was collected from
-O
*the same field area (metamorphic zone 2) as sample 1907 SD,
t •A
a q u a r t z - c a r b o n a t e - c h l o r i t e  h y d r o t h e r m a l  v e i n  (see t a b l e
4.2; the-quartz-chlorite pair indicates an isotopic
temperature of 100-140°C and 6180 (HnO) = 0±-l*°/ ).2 oo
Albite and hematite extracted from the pillow lava have
5180 values of +13.8°/oo and -0.16O/oo, respectively.
6180 (albite) is compatible with isotopic equilibrium
with sea water at 137°C (O'NEIL and TAYLOR, 19«-7)
(fluid-dominated hydrothermal alteration event), but
A a l b i t e - h e m a t i t e  (= 13.98°/ ) i n d i c a t e s  T = 292°C' oo
and <S180 (H.O) = +8°/ (O'NEIL and TAYLOR, 1967; BOTTINGA 2 oo
and JAVOY, 1973)- suggesting isotopic readjustment, during
prehnite-pumpellyite facies regional metamorphism, in a
system that was rock dominated. In such a closed or
near clbsed system the fluid composition should be
b u f f e r e d  b y  t he s o l i d  p h a s e s  p r e s e n t  (see G R E E N W O O D ,
1975). Therefore, in mafic rock samples extensively
transformed to hydrothermal carbonate ± clay ± epidote
mineral assemblage's, the fluid phase composition will be
buffered at high X n values and prehnite-pumpellyite
2
will not develop during regional metamorphism. On the', 
other hand, fot these samples which experienced only , / 
incipient hydrothermal alteration /-the buffering capacity 
of the early formed isolid pjiases could, in many cases, 
be exceeded; later readjustment to more generalized
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
equilibrium conditions, probably due to increase in 
permeability as a consequence of shearing during de-
-formation, would' result in (partial/total) exhaustion
\
o£ the G02-bearin'g phases, and development of H20-bearing, 
Ca-aluminosilicates. This hypothesis is in accordance 
with the observed fact that, in the prehnite-pumpellyite 
facies, typomorphic Ca-aluminosilicates preferentially 
formed in meta-doleritic and other (originally) relatively 
impervious volcanic rocks’.
Another important consequence of the earlier hydro- 
thermal alteration episode on the occurrence of prehni'te 
and-pumpellyite, concerns the availability of convenient 
nucleating sites. It is a well known fact that pump- , 
ellyi-te has a strong preference to nucleate on plagioc'lase 
site§,. pre-regional metamorphism albitization had
occurred, nucleation of pumpellyii:e on such sites would 
be inhibited due_bo lack of a convenient bulk chemical 
composition. This fact would also, provide explanation 
for the lack of this mineral even in calcite-free basaltic' 
rocks where the common ‘ assumption of high a ^  /a^ ^ is 
not realistic. In this context it is worth noting the 
relatively high residual anorthite content in plagio- 
clasep(exceeding 10%), determined in some pumpellyite-rich 
rocks. i
Arguments similar to those used above on discussing
A
the behaviour of CO_, coul^d also be applied to other
z -
A
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volatile species, e.g. 02 . In this respect, one should 
note the occurrence of pumpellyite overgrowing epidote 
and the replacement of riebeckite by albite + chlorite 
and of barite by Ba-feldspars. These^processes seem to 
have taken place during regional metamorphism in some 
prehnite-pumpellyite facies meta-dolerites and meta­
cherts. The chemical reactions may be represented 
schematically as follows:
8Ca2Al2 5Fe3^Si30-12 (GH) + 10H20 = 4Ca4Al5FeSi6C>21 (OH) ? - 
epidote pumpellyite
+ (1)
Na2Fe3Fe2+Si8°22(OH)2 * 2A12Si4°10 (0H)*2 + H2° =
< *
, r i e b e c k i t e  A l r s i l i c a t e
2NaAlSi3Og + Fe5Al2Si3O 10 (OH) + 7SiC>2 + hC>2 ?
' ^ albite chlorite qtz (2)
BaSsC^ ' + Al2Si205 (OH) 4 + 4H2 = BaAl2Si2O g + 5H20 + H2S (3) 
barite Al-silicate Ba-feldspar
These reactions would be favoured by a decrease in 
f02 (see also LIOU, 1979; KRITSOTAKIS an<jt PLATEN, 1980) 
relative to the conditions which characterize the earlier
i
hydrothermal episode. More reduced products, might in 
part be explained by the fact that during regional meta-
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morphism a thick compacted sedimentary cover (in many 
cases graphic-bearing) overlies the volcanic rocks and 
the fluid phase would have been unable to keep its 
original oxygenating power during circulation.
*
5.5.2 Chemical Reactions Defining Metamorphic Zone 
Boundaries
Reactions between zones 1 and 2
The zone marker defining the boundary between zones 
1 and 2 was established on the basis of a small number of 
illite-crystallinity measurements and probably corres­
ponds to the transition from the zeolite to the prehnite- 
pumpellyite - facies according.to PREY and NIGGLI (1971)^.
The occurrence of kaolinite, albite and quartz in 
sediments of zone 1 provides the most plausible starting 
material for the appearance of pyrophyllite and paragonite 
in rocks of .zone 2 , by virtue of the reactions:
*
(1)Al
iyrophy llitekaolinite
NaAl_Si _0.A (OH)Al
paragonite
2 + Si02
+  H 2 0  ( 2 )
Similar reactions appear to haye taken place in the
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transition from "unmetamorphic" to anchimetamorphic 
sediments of the Glaurus Alps (FREY, 1978).
-Prehnite and pumpellyite are the characteristic 
metamorphic minerals in mafic rocks of zone 2. BOLES 
and COOMBS (1977) proposed several reactions yielding 
pumpellyite and prehnite at the expense of clay-minerals 
and Ca-zeolites. No clear evidence has been found for 
such reactions in the present area; most prehnite and 
pumpellyite seem to have formed directly at the expense 
of the original igneous minerals.
Reactions between zones 2 and 3
o
0 The most characteristic mineralogical change from 
zone 2 to -3 is the common appearance of actinolite as a 
stable metamorphic mineral in mafic rocks. Epidote 
increases in its abundance and frequency of occurrence 
while prehnite decreases and finally disappears. Pump­
ellyite is still stable in some mafic rocks of zone 3; 
nevertheless, its frequency decreases and the composition
range is restricted to Fe-poorer varieties relative to
• \
those of zone 2.
Textural evidence indicates that the fallowing 
reactions may account for the observed mineralogical
X '- changes.
 _
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3 (Mg,Fe) 5Al2Si301Q (OH) 8 +'21 Si02 + 10 CaCOg =
.chlorite quartz calcite
3Ca2 (Mg,Fe)5Sig02 2 (OH)2 + 2Ca2Al3Si301 2 (OH) + 10CO2
actinolite • - epidote^
\
+ 8H-.0 ‘ (3)
3Ca2Al2Si30 1Q (OH)2 + (Mg ,Fe) 5Al2Si30 1Q (OH) Q + ,2Si02 
prehnite chlorite quartz
Ca2 (Mg,Fe) 5Sig022 (OH)2 + Ca2Al3Si3012 (OH) + ^ 6H20 “ (4)
actinolite^ epidote
41Ca4 (Mg/Fe)Al5Si60 2 1 (OH)7 + 2 (Mg,Fe)?Al4Si401 5 (OH)12 
‘pumpellyite chlorite
+ 47Si02 = H C a 2 (Mg,Fe) 5Sig022 (OH)2 + 7lCa2Al3Si3012 (OH) 
quartz actinolite . epidote
+ 109H20 - (5)
HASHIMOTO (1972)
0
10 epidote + 23 chlorite + 136 quartz + 70 calcite =
20 actinolite + 13 pumpellyite + 4 magnetite + 26 H20 
+ 70 C02 {6)
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2 0 prehnite + 2 chlorite + 3 magnetite = actinolite +
10 epidote + 5 pumpellyite + 2 quartz + 5 1^0 (7)
* *
v'-'
(Coefficients of reactions (6) and (7) were calculated
using mineral compositions determined by microprobe
analyses of coexisting phases in samples RT-1.1 and
549-8 respectively; magnetite is required to balance
reaction (6) due to the.assumption that total-Fe in
2+■s, pumpellyite is Fe , but it was not observed) .
SCHERMERHORN (1975a) stated that the ptumpellyite-out
» —*
-isograde in the Spanish Pyrite Belt "is due to non-
crystallization, not to breakdown by upgrading reactions".
This conclusion is not in agreement with available
textural evidence because many of the examined mafic
*
meta-volcanics of zone 3 contain epidote and actinolite
r
which occtfr in albite crystals and are texturally com-
$
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parable to the occurrences of pumpellyite in zone 2. 
Since pumpellyite decreases in frequency of' occurrence 
relative to that of zone 2, reaction (5) is considered 
to have played an important role in defining the actj.no- 
lite isograd in the Pyrite Belt; this feature contrasts
with prehnite-pumpellyite/greenschist transitional -<> *■
facies metamorphic terrains of the (high) intermediate 
pressure facies series where pumpellyite is observed 
to increase at the entrance of the actinolite zone
V
(BISHOP, 1972; HASHIMOTO, 1972) .
The observed compositional changes in epidote and 
pumpellyite, may in part be accounted for by reactions 
of the type:
41Ca2Fe2+AlSi3012(0H) + 10 (Mg,F.e) 7Al4Si4915 (OH) L2 + 
Fe-epidote orite
30SiO2 = l 4 ^ 2 (Mg,Fe)5Si802 2 (0H) 2 + 27Ca2Al3Si3012 (OH) 
quartz actinolite clinozoisite
+ 41Fe203 + 53H20 
hematite
(8)
NAKAJIMA et al'. (19 77)
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5Ca2Al2Si30 1() (OH) 2 + (Mg , Fe) 5Al2Si301() (OH) + 2Si02 
prehnite chlorite . ' quartz
e
+ 4Ca2Al2Fe3+Si30 12 (OH) = 8Ca2Fe3+Al2 5Si301 2 (0H) v‘ 
Fe-epidote Fe-poorer epidote
+ Ca2 (Mg,Fe)5Sig022(0H)2 + 6H20 (9)
actinolite
71 Ca4 (Mg/Fe) Fe3^Al4 5Si6021 (OH) + 2 (Mg,Fe) 7Al4Si4015 (OH^ 
3+Fe -bearing pumpellyite ‘ chlorite
+ 47Si02 = 30Ca4 (Mg,Fe)Al5Si6021(OH)7 +■ 109H2O 
quartz Al-pumpellyite
3+
+ llCa2 (Mg,Fe)5Sig022(0H)2 + 71Ca2F e 5 A12 5Si3°12 (10)
♦
actinolite epidote
The reactions pumpellyite + hematite + quartz = 
chlorite + epidote + water (11) and Fe3+-pumpellyite + 
hematite + quartz = chlorite + epidote + ectinolite + 
water (12) were discussed by NAKAJIMA et *al. (19 77) and
show that so far as epidote + chlorite + actinolite 
assemblage is stable, hematite and pumpellyite should not 
cdexist; the latter assemblage was detected in metamorphic 
rocks of zone 2 but it was not observed in rocks of zone 
3,suggesting that reactions (11) and (12) might also have 
been significant in the Pyrite Belt.
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Such a large number of reactions is not expected
to define a sharp boundary but a broad one, because
■>
different reactions will take place at different 
temperatures. This is, probably, the significance of 
metamorphic zone 3 in the Pyrite Belt. As the meta­
morphic grade increases beyond the zones 2 and 3 boun­
dary, prehnite decreases in frequency and finally dis- 
appears (reactions (4),and (7)), while pumpellyite and 
epidote adjust progressively their compositions to the new
_j—
conditions (reactions (8), (9), (10)); tie-lines connecting'
mineral compositions will change their relative positions 
but pumpellyite-actinolitq-qhlorite-epidote assemblages 
will remain stable until the Al-pumpellyite upper stabi-
C
lity limit is reached, whereupon further increase in 
temperature will lead to pumpellyite disappearance 
according to reaction (5). Reactions (5) and (7) are 
pressure dependent (NITSCH, 1971), and judging from 
natural occurrence's the former seems to be dominant under 
low-pressure metamorphic regimes; this seems to have
( Vj
also Ijeen the* case in the Iberian Pyri'te Belt, *
Reactions between zones 3 and 4
The zone marker defining the boundary between zones 
3 and 4 was established mainly on a textural basis, 
because zone 4 rocks show a njuch higher degree of.miner­
alogical reconstitution and internal deformation. Both
prehnite and pumpellyite are completely absent from
■m
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rocks of zone 4, but available data suggests that these 
minerals became unstable before the-zone 3 and 4 boundary 
is reached.
Characteristic mineralogical changes taking place 
in zone 4 rocks are: appearance of hornblende, and an.
increase in the actinolite“jmod'a'l con.tent, the scarcity of 
calcite and (especially) of chlorite (which also becomes 
enriched in amesite molecule), and the clinozoisite-rich
"*■ 4
nature of epidote minerals. These changes may be inter- 
prated by the following reactions:*
5 (Mg,Fe) 3Si205 (OH) 4 + 6CaC03 + 14Si02 = SCa^Mg,Fe) 5Si8^ 2(a}2
antigorite calcite quartz actinolite
+ 7H20 + 6C02 (13)
7 (Mg,Fe)3Si205 (OH)4 + 18Ca2Al 2.5Fe.5Si3°12<OH) + 7Si02
antigorite- epidote quartz
6Ca2 (Mg,Fe) °22(OH)2 + 12Ca2Al3Si3012(0H)
hornblende clinozoisite
+ h h 2o (14)
Ca2 (Mg,F^5Sig022(0H)2 + 14 (Mg,Fe) $Al2Si3O10 (Oil) 8 +
actinolite chlorite
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+ 24Ca2-Al3Si3012 (OH) + 28Si02 = 25Ca2 (Mg , Fe) 3Al4Si6<^2(OH) 2 
clinozoisite quartz tschermakite
O' ^
+ 44H20 (15)
Ca2 (Mg,Fe) 5Si80.22 (OH) 2 + NaAlSi^g = 
actinolite albite
NaCa2(Mg,_Fe)5AlSi7022(0H) 2 + 4 S i 0 2 '■ (16)
edenite . quartz
Since no. detectable changes in the^anorthite content 
of plagioclase were observed, and because FeTi-oxides 
are absent in zone 4 rocks, hornblende-forming reactions 
of the types(14) and (15) are preferred relative to 
those proposed by ,LIOU et al. (1974).
5.6 P/T CONDITIONS DURING REGIONAL METAMORPHISM
In the South Portuguese Zone, regional metamorphic 
grade increases in a northward direction from zeolite 
facies greywackes and shales south of the Pyrite Belt, 
through prehnite-pumpellyite facies to the greenschist 
facies in its northernmost zone. •
Experimental studies suggest that zeolite facies 
conditions range up, to 300°C and total pressures below 
3 kb (ZEN and THOMPSON, 1974). BOLES and COOMBS (1977)
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estimated the minimum temperature of formation for pump­
ellyite to be about 190°C and the prehnite-pumpellyite- 
chlorite-quartz assemblage was experimentally demon­
strated to be stable up to 350°C (NITSCH, 1971); these 
temperatures can be considered as maximum and miniitium 
in the prehnite-pumpellyite facies metamorphism (zone 
2) of the Pyrite(Belt volcanic rock's * Metamorphic 
zone 3 represents a transition between prehnite- 
pumpellyite and greenschist facies; judging ffom the 
compositional variation of epidotes (coexisting with 
pumpellyite-actinolite-chlorite), it seems that the 
 ^ ' pumpellyfte-.bearing assemblages in this zone represent
equilibration over a temperature range of about 50°C ■
t- .
(see NAKAJIMA et al., 1977). A maximum metamorphic 
temperature in the range 450°-500°C is suggested by the 
appearance of hornblende and decreasing chlorite modal 
content in albite-epidote meta-mafic rocks (LIOU et al.,
1974) of zone 4,‘which represents the highest grade
✓
reached in the area'.
Petrographic evidence from several metamorphic 
terrains (COOMBS, 1960; SEKI, 1969; HASHIMOTO, 1972), 
and some experimental work^ (NITSCH, 19 71; see also 
SCHIFFMAN and LIOU, 1980) show that pumpellyite-actinolite 
.facies (HASHIMOTO, 1966) is typical of metamorphic areas
characterized by relatively high P/T, intervening
%
between prehnite-pumpellyite and greenschist facies
r~1 \
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(SEKI et al., 1971; BISHOP, 1972; COGMBS et al., 1976) or 
as a transition to high pressure facies (blueschist or 
lawsonite-albite) (SEKI, 1958; HASHIMOTO, 1968; DIETRICH 
et al., 1974). Other factors being equal, the relative 
areal distribution of metamorphic assemblages belonging 
to this facies tend to become narrower with decreasing 
P/T conditions until it completely fades out in SEKI's 
(1969) low pressure type -terrains (SEKI et al., 1969; 
KUNIYOSHI and LIOU, 1976b).
* In the South Portuguese Zone, pumpellyite-actinolite• 
occurs together with dominant pumpellyite-free assemblages 
in a poorly-defined narrow strip, transitional between, 
prehnite-pumpellyite and greenschist facies and, occasion­
ally, prehnite occurs with actinolite. Probable examples 
of similar metamorphit type may be found in south New 
Zealand (Brook Street Terrain - COOMBS et al., 1977) and
in the northern Appalachians (Maine - COOMBS et al., 1970;
*
RITCHER and ROY, 1976) being representative of geothermal 
gradients ranging 3d^C/km to probably as high as 60°C/km. 
For the South Portuguese zone further constraints may be 
applied by examination of (pelitic rocks) white mica . 
compositions (SASSI and SCOLARI, 1974; GUIDOTTI and- 
SASSI, 1976) and of Na-M. content of Ca-amphiboles (BROWN, 
1974; 1977) (figs. 5.1?,, 5.20), 
the lower greenschist facies. Both sets of data indicate 
a low-pressure metamorphic regime and suggest, in addition
whicl^occur in rocks from
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that pressure should not have exceeded 2-2.5 kb at the 
entrance of greenschist facies. If it is assumed that 
the temperature range within zone 3 was 350°-400°C, as
4
it is suggested by compositional and mineralogical data,
£
this value is compatible with geothermal gradients in 
the order of 40°-50°C/km.
North of the South Portuguese Zone metamor.phism * 
increases to higher grades. Here, on the Ossa Morena 
Zone (LOTZE, 1945) older rocks and abundant granitoids 
are exposed and metamorphism reached medium and high 
grades, probably following even higher geothermal 
gradients than those experienced by the South Portuguese 
Zone rocks (BARD, 1969).
5.7 IMPLICATIONS FOR TECTONIC MODELLING IN THE IBERIAN « »
‘ PYRITE BELT
A "c'rossite-like" amphibole, reported by BOOGAARD 
(1967) from prehnite-pumpellyite facies meta-dolerites 
in the Pomarao region-(South Portugal), is the basis for *
the suggestion by BARD (1971) and BARD et al. (1973) 
that blueschist metamorph-ism took place in the Pyrite 
Belt and that the area was therefore a convergent plate 
margin during the Hercynian orogeny.
However, subsequent investigation failed to reveal 
more crossite or any typical high P/T metamorphic minerals
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FIGURE 5.20, Na-M.-Al diagram for Ca-amphiboles 
(BROWN, 19^7) illustrating the low- 
pressure metamorphic regime in.the 
South Portuguese Zone. ’Stars - 
amphiboles coexisting with albite- 
chlorite-epidotfe-iron oxide.
i >
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that pressure should not have exceeded 2-2.5 kb at the
entrance of greenschist facies. If it is assumed that
the temperature range within zone 3 was 350°-400°C, as
it is suggested by compositional and mineralogical data,
€
this value is compatible with geothermal gradients in 
the order of 40°-50°C/km.
f
North of the South Portuguese Zone _me_t_amorpiiism 
increases to higher grades. Here, on the Ossa Morena 
Zone (LOTZE, 1945) older rocks and abundant granitoids 
are exposed and metamorphism reached medium and high 
grades, probably following even higher geothermal 
gradients than those experienced by the South Portuguese 
Zone rocks (BARD, 1969).
5.7 IMPLICATIONS FOR TECTONIC MODELLING IN THE IBERIAN 
PYRITE BELT
A "crossite-like" amphibole, reported by BOOGAARD 
(196 7) from prehnite-pumpellyite faeies meta-dolerites 
in the Pomarao region- (South Portugal), is the basis for 
the suggestion by BARD (1971) and BARD et al. (1973) 
that blueschist metamorph-ism took place in the Pyrite 
Belt and that the area was therefore a convergent plate 
margin enuring the Hercynian orogeny.
However, subsequent investigation failed to reveal 
more crossite or any typical high P/T metamorphic minerals
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For this reason SCHERMERHORN (1975b) has criticized
e>
BARD's views about the metamorphic regime in the Pyrite 
Belt. SCHERMERHORN stated that no blueschist metamorphism 
took place and he also suggested that BOOGAARD1s blue 
amphibole might be magnesioriebeckite.
In contrast with the Al-rich sodic amphiboles,
members of the riebeckite-arfvedsonite series aress
known to be stable over a wide range of P/T conditions 
(ERNST, 1962). They have been reported to occur in 
alkalic igneous rocks and amphibolite facies gneisses 
(FLOOR, 1966), as well as in lower grade metamorphic 
rocks (WHITE, 1962; COLEMAN and PAPIKE, 1968), and even 
as authigenic minerals (MILTON et al., 1974) . If 
BOOGAARD's (196.1) "crossite-like" amphibole is to be 
correlated with the riebeckite-arfvedsonite described 
in Chapter 4 of this study (as suggested by SCHERMERHORN, 
1975b), it is evident that its occurrence does not tell 
us much about the metamorphic P/T conditions.
It is now clear that, contrary to what was suggested 
by BARD's (1971; 1973) .model, no blueschist facies meta­
morphism took place in the South' Portuguese Zone. In. 
addition, the geothermal gradient estimated during this 
study is indicative of geoth^^mal uprising, the opposite 
to what is generally accepted to be operative in active 
 ^ "oceanic trenches. There is also the lack of trench
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melanges and" ophiolitic slices which are likely to be 
found in such tectonic settings (DEWEY and BIRD, 1970).
As previously cautioned by SCHERMERHORN (1975a), 
one should note further that the lateral succession of
I
upgrading metamorphic zones towards the north, across 
the same horizon (VS), indicates a regional increase in 
heat. flow. The metamor^hism is thus not simple burial 
metamorphism due to increasing load pressure and temper­
ature with depth, but orogenic metamorphism related 15 
with thermal doming.
f \  y*\
/
\
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CHAPTER 6 
SUMMARY AND CONCLUSIONS
1. The Iberian Pyrite Belt is the zone of upper 
Paleozoic ei^eosynclinal rocks,, containing pyrite and 
manganese orebodies, which stretches across south 
Portugal and southwest Spain. This belt constitutes th3^ 
intermediate sub-zone of the South Portuguese Zone (an
,external upper Devonian-lower Carboniferous basin
flanking the"' central Hercynian block of Iberia) , which
corresponds to a characteristic group of upper Paleozoic
sediments that can be traced through the Ibero-AmcJa?ican
arc to the Moravia-Silesia zone in central Europe.
All.- along this belt the sequence contains important 
• •
^volcanic levels followed by Culm deposits. The northern
edge of this belt is weil defined as the margin of a
?
cratonic block in central Europe, but it is not found 
, again southwest of the South Portuguese zone which is 
bounded at present by the Atlantic Ocean. The northern
• t
margin Of the South Portuguese Zone corresponds to a 
major overthrust 'which juxtaposes the internal and ex-
0 V
ternal zones of the soutTiwest branch of the Iberian 
Hercynian chain.
2. The Iberian Pyrite* Belt contains three major
li.thostratigraphic groups. The oldest unit, the Phyllite
g-
Quartzite 'group, contains Famenian fossils in its upper
4 8 1 -
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part and is overlain by a volcanic-sedimentary complex 
(mostly Tournaisian to lower Visean) composed largely
r
of phyllites, felsic to mafic 'volcanics and stratiform 
sulphidic and manganese deposits. The upper unit of 
the sequence is the Culm group, a thick, flysch sequence 
. deposited during Viseantimes and transgressive to the 
southwest.
3. Deformation of the South Portuguese zone took
c-
place during the Hercynian orogeny. The first and main 
orogenic phase, of pre-Westphalian D age, produced south 
and southwest verging folds with assdciated development of 
cleavage and low-grade regional metamorphism.
4. The0 volcanie tocks occur in lenses and levels up 
to several hundred meters thick, contained in the sedi- 
mentary framework of the volcanic-sedimentary complex.
They are felsic, mainly meta-rhyolites (quartz-keratophyres) 
and mafic (locally ultramafic), meta-basalts and meta-
do lerites (spilites, albite-diabases), with some inter­
mediate rocks. The felsic rocks largely outnumber the x 
mafic ones and comprise about 70% of the total outcropping 
volcanic area's. Mafic and felsic eruptive centers are 
well separated and no lithological transitions have been 
described so far. These features, allifed to the scarcity 
of andesitic ro'ck types, ^confer a bimodal character to 
the Pyrite Belt magmatic suite.
-s Q
' 5'. Mafic meta-volcanic units composed pf both ex-
e* <0 r
> (
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trusive rocks - massive lava flows, pillow lavas and pyro- 
clastics - and intrusive sills occur throughout the 
volcano-sedimentary complex sequence. The occurrence of 
radiolarian chert filling the interstices in pillow lavas 
indicate that the volcarfism took place in a submarine 
environment* Doleritic sills acted as channelways to the 
ma^ma and represent high lev%l intrusions injected, in 
part into semiconsolidated sediments at no great depths 
below the sC^)floor. Petrographic and mineralogical data 
indicates that the mafic magmatic production changed pro­
gressively from tholeiitic to alkaline basalts (and 
dolerites)) a trend that is similar to the one. exhibited 
by the probably correlative Hercynian greenstones of 
southwest England.
6. Although very subordinate on a regional scale,
~ intermediate rocks are: locally important, especially in
the northernmost part of the Pyrite Belt. These rocks 
constitute extrusive* masses and variously shaped (mainly 
sills) intrusive bodies emplaced throughout the volcanic- 
sedimentary complex sequence. The intermediate rocks 
have a distinctly porphyritic texture and have been 
classified as augite-andesites.
7. The felsic rocks range in composition from
. . .  .3 I
dacite to rhyc^lite and vary in texture from felsitic and
♦ *
felsophyric to coarse-grained tuffs and agglomerates; 
highly siliceous rhyolitic buffs are dominant. Acid
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volcanics are grouped around eruptive centers, lined up 
along fissural volcanic lineaments, which are.outlined 
by volcanic breccias, agglomerates, isolated lava flows 
and, occasionally, volcanic chimneys; laterally, these 
volcanics interfinger rapidly with shales and radiolarian 
cherts, indicating a submarine deposition. Three felsic 
volcanic episodes have been recognised in the Puebla de 
Guzman anticlinorium, but this "full acid volcanic 
assemblage" has never been observed in the remaining 
areas; in most cases only one main felsic volcanic event 
is known.
8. Petrological data.indicates that basalts, ande- 
sites and rhyolites are. not linked by fractional crys­
tallization. The sotirce for the. mafic magmas must be 
sought in the upper- mantle whereas the felsic volcanism 
derives, from magma chambers developed by melting in
the crust, possibly by heat supplied by^ rising mafic magmas.
9. Basaltic lavas occurring at the base of the vol­
canic sequence (Group11 basaltic rocks) are tholeiitic 
with geochemical characteristics transitional to arc
' tholeiites, similar to some basalts erupted during the 
initial stages of back-arc spreading. Towards the top 
of the Volcanic-Sedimentary Complex, basalts/dolerites 
display a progressive enrichment in incompatible elements 
(P, Zr, light-REE) and the upper mafic lavas (Group 3 
basaltic locks) are typical "within plate" alkaline
/
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basalts characteristic of continental rift zones and some 
ocean islands. The continuum of chemical compositions 
displayed by the Pyrite Belt basaltic rocks cannot be 
accounted for in terms of fractional crystallization.
It is considered that the basalts originated initially 
as a series of partial melts of heterogeneous mantle
t
peridotite oVer a range-of depths and with varying
degrees of melting, followed by varying degrees of
independent fractionation within each primitive magma.
Petrological modelling indicates a complex evolution for
the Pyrite Belt basalts source4regions, probably reflect-
\
ing progressive introduction of non-depleted material
into the upper mantle as a result of differentiation
processes involving the movement of incompatible trace
element' rich melts or fluid phases.
\
10. The geochemistry of the lberi,an Pyrite Belt 
intermediate rocks is not consistent with single stage 
models suggested for the origin'of andesitic rocks such 
as simple melting pf subducted ocean ridge basalts or :of 
peridotite believed to. be representative of the upper 
mantle (X2 chondritic). The volcanics. are enriched in 
LILE in comparison wit^i the calculated melts indicating 
derivation from an enriched source. Model calculations 
and experimental data suggest that a suitable source for 
ande.sites could be the hydfdus equivalent to upper mantle 
peridotite source of contemporaneous Group 1 basaltic
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rocks. -If the model assumptions are correct, andesites 
erupted towards the northern areas of the Pyrite Belt 'r 
should represent magmatic segregation at progressively 
shallower depths.
11. Dacitic rocks are a relatively minor- lithotype 
among the Pyrite Belt felsic rocks; geochemical evidence 
suggests that some dacites. could have been produced by 
differentiation of an andesitic magma. On the other
' hand, the large volume of rhyolites places a constraint
V *
,1
on. tire possible mechanisms of their origin. High initial
07 86 '
> , Sr/ Sr ratios and REE data suggest that the rhyolites 
could result by crustal-anatexis of granites', tonalites
A
or their metamorphic equivalents; this hypothesis is 
compatible with ge’ophysical* data that suggests a felsic 
to intermediate composition for the crust underlying '
t»
the volcano-sedimentary cover of the South Portuguese Zone.
12. Textural and mineralogical evidence indicate that 
the submarine ■Volcanic rocks from the Iberian Pyrite Belt 
underwent hydrothefmal alteration prior to the onset of 
tectonic deformation - and regional metamorphism.
13. The hydrothermal metainorphic grade of the mafic 
rocks ranges from zeolite facies mineral assemblages 
characterized by the (rare), occurrence 'of zeolites and 
clay minerals, through chlorite-epidote bearing assem­
blages, uto greenschist facies characterized by chldrite-
epidote-actinolite'’(locally hornblende) . Also, in some
f t  '
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gabbroic (picritic dolerites) cumulate rocks, the hydror 
thermal alteration produced mineral assemblages charac- ' 
terized by grossular-tremolite-diopside. The development 
of the spilitic mineral assemblages, which took place 
under temperatures ranging from 50°-400°C and involved 
extensive hydration, carbonatization and oxidation, 
clearly required introduction of C02~rich and oxygenated 
fluid from some readily available reservoir. From the 
evidence presented it is concluded that the spilites 
n*" developed-in a sub-sea floor geothermal system involving 
- circulation of brine, which underwent chemical and 
thermal evolution while interacting with the various
i
rock types, prior to discharge onto the sea floor.
^14. Low-grade hydrothermally metamorphosed mafic
18rocks are enriched in 0 relative to the isotopic ratio
of fresh basalt. The observed 6180 whole- rock values
range from +9.820/q o  to +15.72°/oo,' corresponding tb
positive isotopic shifts of +4°/00 to +^°/0o' thus rer
quiring isotopic exchange with fluids under conditions
-■» '
" of high wate'ffrrock ratios at low temperatures. The lowest
5 * observed corresponds tp_an albitized dolerite sill
and is compatible with independent geochemical data
*
suggesting lower water:rock ratios for the alteration of 
these rocks. The isotope data- are consistent with the 
hypothesis that the spilites from the Pyrite Belt were 
produced by interaction of basaltic material with sea
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15. The Iberian Pyrite Belt felsic igneous rocks 
were emplaced in a submarine environment and, like the 
mafic vo.lcanics, they suffered extensive hydrothermal 
alteration reflecting large -scale sea water-rock inter­
action during the cooling stage of the volcanic pile. As 
a consequence, thS-i#1 mineralogical and chemical composi­
tions have been changed; specifically, Na and K abundances 
show a very wide range of values (from'about 8% ^£<3 and 
0% ^ 0  to about 11% and .1% Na20) which reflect the
actual variable modal proportions of secondary albite
and K-feldspar. The mineralogy of K-enriched rhyolites- 
is now almost entirely made up of adularia.plus quartz, 
and K-feldspar is observed replacing plagioclase pheno- 
crysts. This process is in accord with thermodynamic 
data for the exchange reaction with ocean water which 
favours adularia up to about 140°C. Archean felsic 
intrusives and extrusives commonly exhibit sodiuirt enrich­
ment, a contrast that is attributed to lower K levels in 
sea water and/or, higher ocean temperatures. All of the 
examined rocks show enrichment of +6°/00 to +8°/0o'
in compliance with low temperature sea water exchange.
16. Geologic, petrologic,, mineralogic, REE and 
sulphur isotopic studies of the Iberian Pyrite Belt area 
suggest that the metalliferous deposits formed near the 
sea floor from Submarine hot springs. In. particular,
' x  • •
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sulphur isotopic data suggest that most of. the sulphur 
in the pyritic Ores was derived from sea water sulphate.
Sea water promoted .significant leaching of transition 
metals from the volcanic rocks during hydrothermal 
alteration^nd it is also considered to'have been the 
predominant ore fluid.
17. 6 ie0 values of quartz., chlorite and muscovite
extracted from sulphide ore samples, indicate isotopic
temperatures from 216° to 337°C and 6 180 vaiues of water
ranging from +1.2°/ to +6.9°/ . The total isotopic■ oo oo c
compositional range is significant", but it should be
noted that 8 out of 11 analyzed mineral pairs yield
6 180 (H^O) values between +1.2°/ and +2^5°/ ; such2 oo oo
values are not consistent with magmatic fluids or isotopic- 
ally light continental surface meteoric waters, but are _ 
close enough- to that of sea water derived brines to 
warrant the characterization of the respective ore 
forming fluids as sea water-ty£>e solutions. The origin 
of the enriched fluids (6 1 8 0 {H2 0 ) = +4.3°/oo
+ 6 .9°/oo) is not clear, but some hypothetical mechanisms 
for their generation are analyzed in this study.
18. Both the volcanic and enclosing sedimentary 
rocks of the South Portuguese zone geosyncline were 
deformed during the Hercynian orogeny. Regional meta­
morphism was contemporanexjus with, and to* some extent 
post-dated the main (first) folding phase.
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19. Four metamorphic zones are distinguished, both 
on the basis of the observed mineral assemblages in mafic 
and meta-volcanic rocks and (limited) illite-crystallinit; 
data. -The metamorphic grade was low and, generally., it 
increases in a northward direction from zeolite facies 
greywacke^' and shales on the extremely south (metamorphic 
zone 1) ,. through prehnite-pumpellyite/lower greenschist 
facies in the Pyrite Belt (metamorphic zones 2 and 3), 
to the greenschist 'facies on the Pulo Formation (meta­
morphic zo n e -4)., ,
2.0. Metamorphic zone 1 comprises only rocks of
*
sedimentary parentage and is characterized by low values
for the illite-crystallinity and by the common occurrence 
# s
of various mixed-layer clays and kaolinite-quartz-albite 
mineral assemblages.
Pumpellyite-prehnite-chlorite is the critical meta­
morphic assemblage in mafic meta-volcanic rocks off zone 2
In zone 3 actinolite appears in mafic rocks (as a 
stable' metamorphic phase). Epidote increases in its 
abundance and frequency of occurrence while prehnite 
decreases and finally disappears. Pumpellyite is still 
stable in some mafic rocks but its frequency decreases 
relative to that of the previous zone.
Prehnite and pumpellyite are completely absent from 
mafic rocks of zone 4. The modal amount of actinolite 
increases while that of chlorite decreases significantly.
)
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In a few specimens bluish-green hornblende appears as 
narrow rims on actinolite. The original rock igneous 
texture is only very rarely preserved and no relict 
minerals are left; the mafic rocks show strong pene­
trative deformation and develop typical nematoblastic
— *
texture.
21. Microprobe analyses suggest the following 
mineral chemistry changes with, metamorphic grade. Com­
position of epidote, although conditioned_by f0 2 varia­
tions , change continuously from Fe-rich to Al-rich with 
increasing metamorphic grade becoming essentially clino-
j
zoisite in metamorphic rocks of zone 4. Pumpellyite 
composition appears.to be largely controlled by nucleation 
site (and host rock) chemistry, but the iron-richest 
varieties occur in the lower grade metamorphic rocks of 
zone 2. Composition of chlorite correlates with that 
of the host rock; for similar lithotype chemistly, zone 
4 chlorites are enriched in Al2C>3 and impoverished in 
Si£>2 * A l/ Ti and Na contents of actinolite increase with
increasing metamorphic _
f "w-v
22. The observed compositional relationships
between chlorite and stilpnomelane occurring in rocks
metamorphosed under different fO- conditions suggest that
_ 3+ .
stilpnomelane should include significant^. amounts of Fe 
during metamorphic crystallization. This observation
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indicates that the common assumption regarding the secon-.
dary status of ferri-stilpnomelane should perhaps be re- 
%
^  evaluated.
23. Mg/Fet ratios in coexisting chlorites and
tactinolites vary sympathetically giving (Mg:Fe (actino-
t . tlite)/Mg:Fe (chlorite)) = 1.49.Mg/Fe ratios in pumpelly-
ites tend to vary sympatically with those of coexisting
0
actinolites and/or chlorites but are much more variable. 
Variable Fe/Al ratios in epidotes and pumpellyites, 
even within a single grain, is evidence of short-range 
disequilibrium. ‘ -
24. In phase rule analyses of some assemblages it is 
necessary to treat F & ^ O ^ r FeO and MgO as .separate com­
ponents and it may also be necessary to consider that
C0-2 did not behave as a boundary-value component and/or 
to interpret those assemblages as of low variance.
The irregular spatial distribution of pumpellyite and. 
prehnite and the occurrence of alternative assemblages, 
including quartz + carbonate + rutile, indicate consider­
able variations of X in the metamorphic fluid. It is
2
suggested that in. mafic rocks extensively transformed to 
hydrothermal carbonate-rich assemblages XCQ would be 
buffered at high values during regional met^eiorphism 
inhibiting prehnite-pumpellyite crystallization.
25.- Exantination of white mica compositions (in 
pelitic rocks) and Aof Na-M^ contents of Ca-amphiboles,
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
from lower greenschist facies rocks, indicate a low- 
pressure metamorphic regime in the South Portuguese 
Zone. Compositional and mineralogical data is compatible 
with geothermal gradients in the order of 40°-50°C/km;
26. The Hercynian chain of Western Europe now 
appears as a series of separated zones which originally 
formed a more extensive and continuous loelt. It displays 
some peculiar chara-cteristri*es” (i.e., great width, lack 
o,f ophiolites, widespread dome-like structures, lack of
o •
high P/T metamorphism) which distinguish .it from the 
linear chains such as the Circum-Pacific, the Alps, and 
.the Caledonides (ZWART, 196 7).
Despite the numerous recent attempts to reconcile it 
with plate tectonic models (BURRET, 1972; FLOYD, 1972; 
LAURENT, 1972; NICHOLAS, 1972; DEWEY and BURKE, 1973; 
KREBS and WACHENDORF, 1§72; FtI-6lNG, 19 74; AND^pON, 19"75;
BADHAM and HALLS, 1975), the Hercynian Belt as- a whole
  »
still remains an enigma. - ■
■ The geodynamic evolution of the South Portuguese^and
\
(adjacent) Ossa Morena zones have been explained' in many 
ways: geosynclinal-geoanticlinal couple *(SCHERMERHORN,
19 71a; 1975b) ; as a hinterland-foredeep-foreland.*realm 
(TOMAS de'*OLIVELRA'et*al.V in press); as a convergent 
plate tectonic boundary (BARD, 1971; BARD et al., 1973; 
CARVALHO, 1972; 1976 ; VEGAS and^MUNOZ, 1976); and as a 
post-collisional basin (BARD et al., 1980).
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BARD (19 7L) was the first to apply the plate 
tectonic theory to the Iberian Variscan chain, comparing 
the region with the orthotectonic model of DEWEY (1969).
.BARD (1971) interpreted the Pyritq Belt as lying above 
an oceanic plate under-thrusting the- central Iberian 
continental block. BARD et'al. (1973), while recognising 
the chiefly supra-continental evolution of the Variscan 
Orogen, suggested that its southwesternmost part, com­
prising the South Portuguese Zone geosyncline, developed
w - *
on an ocean floor. During lower Carboniferous a north­
ward subduction zone would have been active here and 
a basaltic root would have formed above the subducted 
oceanic plate. The South Portuguese Zone would be a 
tectonically active marginal oceanic trench.
There are, ^however, some discrepancies between 
these models and the available geological data for both 
the Hercynian of southwest Iberia and recent active 
continental margins where subduction is known to have been 
active. Contrary to what? is suggested by the model, no 
» blueschist facies metamorphism to.ok place in the South
Portuguese zone; furthermore, the estimated geothermal » 
gradient during regional metamorphism is indicative of 
geotherm uprisal, the opposite to what is generally 
accepted to- be operative in active oceanic trenches. There 
is also the lack of trench melanges and ophiolitic slices 
which are likely "to be found in such1 tectonic settings , ,
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(DEWEY and BIRD, 1970) . The existence of^oceaijic crust-',.
' * **>• 
underlying the South Portuguese Zone is only hypothetical
» and for the most part unlikely, according to the presently
a
available data.
-r
Variants of these models have been proposed by
CARVALHQ (1972; 1976) and VEGAS and MUNOZ (1976).
CARVALHO (1972; 1976) u^se'd an. "Andean type" model
(MITCHELL and READING, 1969J to explain the volcanism
in the Pyrite Belt and suggested tha£ the mafic rocks
were derived from upper mantle slices brought up along
fractures as a" result of northward oceanic plate under-
thrusting at the beginning of ^ .Carboniferous^times . VEfGAS
*  . ' , 
and MUNOZ <1976) preferred to equate the Pyrite Belt
volcanism with that of an icsland-arc which subsequently,
*would’ be defqrmed as .a result of collision with'vthe
-, <r,
northern continental Hercynian block.
Volcanism in the Iberian Pyri£e Belt is essentially 
representative of a bimodal association of tholeiitic^to 
alkalic basalt and 1 rhyolite, with only subordinate ande- 
sitic rock types. .In spite of recent driticism of a 
generalized models for the magmatic evolution of island 
 ^ arc and continental margins (ARCULUS and JOHNSON, 19 78),
the type of volcanic activity described here is certainly
c
not what is usually found as subduction related volcanism 
v in orogenic areas. Furthermore, if the spatial chemical 
variations in lavas* across modern arcs and their relation
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ship with subduction zones are extrapolated to interpret
the tectonic setting in the South Portuguese Zone, then
from the data presented in this study, it is clear that
the (presumable) subduction zone polarity should have been
reversed relative to that proposed by the plate tectonic
models discussed above. in addition, the geochemical
features of the Pyrite Belt basaltic rocks clearly differ
from what is typical for calc-alkaline and tholeiitic
basalts occurring in island ards and active continental
, £ 
margins. Thus, it seems difficult^Jto reconcile’ the
petrological data with °plate tectonic models proposing
simple direct relationships between subduction and
volcanism. * . • ,v
u
Basalt-rhyolite associations, similar to that des­
cribed in this study, are commonly found in area? 
extensional tectonics produced by rifting' or back-arct 
spreading, within and/or near continental plate margins.
By analogy with recent examples it is* suggested that the 
particular volcanic rock types which occur in the upper 
Paleozoic geosynclinal sequence^'^of the Iberian Pyrite 
Belt, including andesites, transitional-arc tholeiites 
and ,rw'i<thin plate"- basalts, may reflect the transient 
geochemical nature of the mantle under a former active 
continental margin (or islandJarc) combined with complex
l
melting^rfelationships ,attending the initial stages of an
attempt for ensialic back-arc spreading. (No evidence has
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been found for such an active continental margin or island 
arc south of the Pyrite' Belt, although some speculative
' c
suggestions could be made (e.g. see STRONG et al., 1979) .
Available data (ZIEGLER, 1978; ZWART and DORNSIRPEN, 1978)
indicates that similar, insipient continental rifting
attempts may have been a widespread phenomena in other,
contemporaneous, European .Hercynian segments.
*
The^model suggested here, involving intrarcontinental
crustal .thinning linked with a rifting process, is com-
f
patible>-with available sedimentological data (TOMAS de 
OLIVEIRA, pers. comm., 1981) and also provides the most 
favourable tectonic environment for the generation of 
massiv^ sulphide orebodies which characterize the Pyrite 
Belt.- VNevertheless, until a better understanding of the 
Southern Iberian geology is attained, any of*the previous 
models seem to be somewhat speculative?* this, of course, 
alsp applies to a large»-part-of the Hercynian. orogen.
*
'•>
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A P P E N D IX  I
IGNEOUS CLINOPYROXENE CHEMICAL ANALYSES
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TABLE 1 - L c w e r  M a f i c  L a v a s
Location
Sanple
Analysis
E 
5B-1 
1 . core
E 
5B-1 
1 rim
E 
5B-1 
2 core
E **
5B-1 
2 rim
E
v5B-l
3 core
■%&
E
^5B-1 
3 rim
E
5B-1
4
* S i 0 2
50.18 50.59 48.89 49.96 50.43' 50.04 51.66
Ti02 1.24 1.16 1.71 1.45 1 . 0 2 1.03 .'80
A!203 3.-99 2.60 4.23 3.83* 3.84 4.05 2.59
Cr2?3 .48o .1« .10 .13 .51 .66 .50
FeO 6.77 9.25 8.82 8 . 2 1 6.56 6.51 6.72
■- MgO 15.58 14.37 14.42 14.46 15.41 15.46 i6.05
MnO .23 . .28 .30 .26 .19 .25 .26
CaO 21.54 21.08 21.29 21.77 21.74 . 21.61 21.30
Na20 .50 .50 .29 .16 .26 .40 .30
K2° .02 .00 .01 .0 2 . .00 .00 .00
Total • 100.52 1 0 0 . 0 2 100.05 100.26 99.95 1 0 0 . 0 1 100.19
Nuirfoer of ions on the basis of 4 cations
Si 1.836 1.880 1.815 - 1.851 1.859 1.841 1.898
AlIV .164 .114 .185 .149 .141 .159 .102
AlVI .008 _ .018 .025 .016 .010
Ti ,034 .032 .048 .040 .028 .028 .022
Cr .014 .005 .003 .004 .015 .019 .015
Fe2+ .207 .288 .274 .254 .‘2 0 2 . 2 0 0 .206
Mn .007 .009 .009 .008 .006 .008 .008
Mg .849 .796 .798 .798 .846 .848 ’ .879
Ca .844 .839 .847 .864 .858 .852 .838
Na .035 .036 :o2 i . 0 1 1 .019 .029 .021
K .001 , 0 0 0 .0 0 0 . 0 0 1 .0 0 0 - . 0 0 0 .000
c
I ' ' .
t.
   ' * • )
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TABLE 1 c o n t in u e d
Location
Sample
Analysis
E
5B-1
5
E
5B-1
6
*
E'
13g
1
E
13g 
2 .
E
13g
3
E
13g
4
E
13g
5
sio2 50.99 49.28 49.68 50.27 49.64 ,48.27 51.13
Ti02 .78 1.49 1.44 1.49 , 1739 1 . 1 1 1 .27
M 2°3 2.63 4.05 3.87 3.75 3.87 4.88 2 .28
< * 2 * 3 -
.26 .07 .13 .04 .18 .04 .03
FteO 6 . 8 6 8.42 3.0.52 9.73 9.47 12.63 13.74
MgO 16.40 14.61 14.41 15.01 15.16 14.23 1 2 .46
MnO . 2 1 .29 .30 .32' .22 .33 .44
CaO 21.34 21.58 19.76 . 19.96 2 0 . 2 0 17.94. 19 .18
Na20 .29 .38 .24 .28 .39 .21 .32
K?0 . 0 1 .01 .01 . 0 0 .01 .01 . .02
Total ' 99.79 * 100.19 100.36
j,
1 0 0 M 100y53
c
99.64 1 0 0 .87
« Nunber of ions on the basis of 4 cations
Si 1.877 1.822 1.847 1.852 1.830 1.812 1 .922
Al1^  ' .123 .178 .153 .148 .170 .188 .078
A l ^ ' .016 .015 . 0 0 2 .027 .023
Ti
Cr
■4022
.008
.041
. 0 0 2
.040
.004
.041
. 0 0 1
■ .'039 .031 
.005v -*' . 0 0 1
.036
. 0 0 1
Pe2+ . 2 1 1 .260. .327 .300 .292 • 396» .432
Mn .007 .009 .009 . 0 1 0 %■ .007 . 0 1 0 .014
Mg .900 .805 .798 .824 .833 .796 .698
Ca .842 .855 .787 .788 .798 .721 .772
Na . 0 2 1 .027 .017 . 0 2 0 .028 .015 .023
K .0 0 0 - . 0 0 0 . 0 0 0 . 0 0 0 .0 0 0 . 0 0 0 . 0 0 1
0
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TABLE 1 c o n t in u e d
location
Sanple
Analysis
E
I3g
6
E
13g
7
E
13g
8
E
17
1
E
17
2
' E 
17 
3
E
17
4
Si0 2 50.63 50.00 50.85- 48.84 48.80 50.57 48.38
Ti0 2 .1.09 1.19 .80 1.39 1.60 1.41 ■ 2.13
'M 2°3 2.23 2.38 1.91 3.70 3.83 3.68 4.20 '
Cr2°3 .01 .05 .05 .05 .00 .07 .00
FeO*- 14.23 13.94 16.43 14.25 is;54 9.70 12.96
MgO „ 12.30 12.49 11.60 12.07 12.28 14.88 12.29
MnO .46 ' .46 .57 .52 ' .36 .31 .43
CaO .19.34 19.41 17.99 19.44 19.63 19.75 19.73
Na2° ' .13 .25 .21 . .41 .43 .31 .40
K2° .01 . 0 0 .00 .00 .00 .00 .00
Total 100.43 100.18 100.41 100.58 100.48 1 0 0 . 6 8 100.52
Number of,ions on the basis of 4 cations
Si 1.916 1.892 1.938 1.839 1.836 1.867 1.819
Al1^ .084 .108 .062 .161 .164 .133 .181
Al^ 1 .016 . 0 0 1 .024 .003 .006 .027 .005
Ti .031 .034 .023'' .039 .045 .039 .060
Cr .0 0 0 . 0 0 1 .002 . 0 0 1 , 0 0 0 .0 0 2 .000
Pe2+ .450 .441 .524 .449 .426 .300 .408
Mn .015 .015 - .018 .017 .011 .010 .014
Mg .694 - .705 .659 .677 .689 .819 .689
Ca .784 .787 .735 .784 .791 ' .781 .795
Na . 0 1 0 .018 .016 .030 .031 . 0 2 2 .029
K . 0 0 0 . 0 0 0 ' .000 . 0 0 0 .000 .0 0 0 .000
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TABLE 1 c o n t in u e d
Location
Sanple
Analysis
E
17
5
E
17
6
E
17
7
E
23A
1
E
23A . 
2
E
2 3D 
1
E
2 3D
..
sio2 48.71 48.40 49.15 3p.30 52.. 28 50156 5 2 . 5 2
Ti02 1.76 1.83 1.31 .87 • 57 .79 .62
M 2°3 4.30 -*3.99 3.99 2.96 1.64 2.82 1.78
.04 .02 .05 .63 .30 .60 .37
FeO 11.04 11.92 9.36 7.38 8 . 0 0 7.56 8 . 2 0
MgO 13.61 13.15 .15.26 15.79 17.11 15.09 ' 16.67
MnO .33 .29 .25 .23 .24 .30 .26
CaO 2 0 . 0 2 19.77 19.25 20.37' 19.26 2 1 . 1 1 19.20
Na2 0 .44 .32 .32 .29 .25 .41 .28
K2° .00 .00 .00 .00 .00 , .00 .0 0 ”
Total 100.25 99.77 99.36 ” 99.82 * 99.66 99.25 99.89
Number of ions on the basis of 4 cations
Si 1.817 1.824 1.826 1.876 1.929 1*882 1.938
Al1^ .183 t .176 .174 .124 ' .071 .118 .062
ax'71 -.006 .0 0 2 .0 0 1 .006 .001 .006 .015
Ti .049 .052 .037 -- .024 .016 . 0 2 2 .017
Cr~ . 0 0 1 . 0 0 1 , .001 .019 .009 .018 .0 0 1
Fe .344 .376 .291 .230 .247 ‘ .235 .253
Mn .010 .009 .008 .007 .008 .009 .008
Mg . .757 .739 .845 .878 .941 .837 .917
Ca .800 .798 .794 .814 .761 .842 .759
.'032 .023 .023 .0 2 1 .018 .030 . 0 2 0
T . 0 0 0 . 0 0 0 .000 . 0 0 0 . 0 0 0 .0 0 0 .000
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TABLE 1 c o n t in u e d
Location
Sanple
Analysis
E
23D'
3
E '
2 3D . . 
4-
E
24B
1
E E
24B
3
E
24B
4
E
24B
5
Si0 2 52.57 52.34^ 50.55 52.78 50.90 50.31 51.41
Ti0 2 ' .59 .59 1.24 .48 .87 1 . 1 0 1.29
M 2°3 - 1.-79 1.75 4.33 2.31 4.16 4.49 2.93
dr2°3 .61 .35 .21 .61 .05 .01 .00
FeO 7.42 ,8.19 7.09 6.51 7.65 . 7.42 10.24
MgO 17.07 16.56 15.74 17.77 16.48 16.26 15.46
MnO .26 .30 .18
*1 7
.23 .21 .22
CaO 19.15 19.06 20.33 19.16 20.04 20.33 19.11
Na20 ' .23 - .23 .23 .27 .23 .25
.00 .00 .00 ' .00 .00 .00 .00
Total -99.69 99.43 99.92 99.85 1 0 0 . 6 6 100.36 100.90
0 ' Nuntoer of ions on the basis of 4 cations
Si 1.939 1.940 1.8f)3 1.930 1.857 1.841 1.894
Airv .061 .06GL .137 " .070 .143 - .159 .106
ai7 1 .017 .017 _ .051 .029 .036 - .035 .0 2 1
Ti .016 .016 .034 .013 ' %.024 .030 .036
Cr .018 .010 .006 .018 . 0 0 1 .000 .000
Pe'2+ .229 .254 . .219 .199 .233 .227 .315
Mn .008 .009 .006 : .005 .007 .007 .007
Mg .939 .915 .865 .968 .896 .887 .849
Ca . .757. .757 .803 .751 .783 .797 .754
Na .016 . 0 2 1 .016' .016 .019 .016 .018
K .000 .000 .000 .000 v0 0 0 .000 .000
*■
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TABLE 1 c o n t in u e d ’ ~
Location
Sanple
Analysis
E
2 4B
6
E
24B
7
E
24B-
8
E
24B
9
s i o 2 47.85 49.87 52.67 .52.49
Ti02 1 . 0 2 1 . 2 0 .41 .62
M 2°3 4.34 3.13 2.61 3.21
Cr2?3 .00 .00 .70 .17t
FeO 14.85 13.16 6.18 6.78
MgO 12.67 13.82 18.07 16.86
MnO .45 .41 . 21 .23
CaO 17.84 17.16 20.15 19.81
Na20 .25 .20 . -29 .32
K20 . 0 0 .00 . .00 .00
Total 99.27 98.95 1 0 1 . 0 0 100.50
Number of ions; on the basis of 4 caticns
Si 1.823 1.896 1.897 1.914
A l I V .177 .104 .103 .086
Al^ 1 .017 . .037 .008 .£>52 •
Ti .029 .034 .011 .017
Cr - . 0 0 0 . 0 0 0 .020 .005
Fe2+ .473 .419 .186 .207
Mn .015 .013 .006 .007
Mg .719 .783 .970 .916
Ca i728 .699 .778 .774
Na .018 • .015 .020 .023
K . 0 0 0 - .000 .000 .000
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TABLE 2 . T y p e  A  D o l e r i t e s
location 2 2 7 7 1 2 1 2 1 2
Sanple 467-18 467-18 477-15 477-15 507-3 507-3 507-3
Analysis 1 2 1 2 1 2 3
s i o 2 52.11- 51.96 49.33 49.13 49.47 49.50 49.79
Ti0 2 . .59 .76 1.79 1.89 1.47 1 . 2 2 1 . 6 8
M 2°3 2.18 2.05 3.83 3.89 4.39 3.75 3.80
Cr 0 ' .54 .38 .09 .07 .47 .25 .08
«
FeO 7.54 8.58 9.71 10.15 . 6 . 8 6 7.07 8.82
MgO 16.10 15.50 14.00 13.31 14.70 14.43 13.64
MnO . 2 2 .23 .31 .36 . 1 1 .15 .23
CaO 19.74 20.03 20.73 20.45 22.28 22.16 21.59
N a 2G .32 .25 .25 .34 . 2 1 .38 .31
k 2o . 0 1 .00 .00 .00 . 0 1 ^02 .03
Total 99.38 , 99.77 100.04 99.59 100.06i 98.93 99.98 ,
0
Nurrber of ions on the basi& of 4 cation^
Si 1.933. 1.930 1.841 1.847 1.830- 1.849 1.857
AlIV .067 .070 .159 .153' .170 .151 .143
Al^ .028 . 0 2 0 .009 .019 ' . 0 2 1 .014 .024
Ti ' .016 . 0 2 1 .050 .053 .041 .034 .047
Cr .016 . 0 1 1 .003 . 0 0 2 .014 .007 .002
Fe3+ %
Pe2+ .234 .267 .303 .319 . 2 1 2 . 2 2 1 .275
Mn .007 .007 .010 . 0 1 1 .003 .005 .007
M g .890 ■ .858 .779 .746 .810 .803 .758
Ca . .785 .797 .829 .824' .883 .887 .863
Na .023 .018 .018 . 025} .015 .028 ' .0 2 2 .
K . 0 0 0 . 0 0 0 .000 . . 0 0 0 . 0 0 0 . 0 0 1 . 0 0 1
, *
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TABLE 2 continued
5 06
location
Sanple
Analysis
13
507-5
1
13
507-5
2
1 2
507-11
1
12
*507-11
2
12 
.507-11 
3
1 2
507-11
4
12
507-11
5
sio2 50.63- 52.43 50.34 49.96 49.98
49
49.01
TiQ2 1.27 .82 1 . 1 0 1.39 1.48 1.89 2.35
Al2°3 3.48 1.80 3.23 3.27 3.31 3.27 3.85
Cr2°3 .57 .30 .16 .08 .00 .00 .00
-2°3
•
tFeO 7.75 7.86 6.92 7.89 8.67 9.63 9.78
MgO 14.65 15.92 15.12 14.81 14.25 13.01, 13.33
MnO .26 .29 - .17 .23 .20 .29 .31
CaO 21.17 20.. 70 21.54 21.67 21.53 21.32 20.93
Na«0 .35 .32 .38 .42 .50 .50 .55
k2o .00 .00 .02 .02 .05 .03 .04
Total 100.13 100.42 98.98 99.74 99.97 99.02 100.15
Nunber of ions on the basis of 4 cations
Si 1.875 1.928 1.875 1.853 1.855 1.853 1.829
AlIV .125 .072 ,125 .143 .145 .146 .170
Al^ .026 .006 .016 — .000 - -
Ti .035 .023 .031 .039 .041 .054 .066
^ 3 +
.017 .009 .005 .002 .000 .000 . 0 0 0
2+Fe .240 .242 .216 .245 .269 .304 .305
Mn .008 .009 .005 .007 .006 .009 . 0 1 0
ug .808 .873 .839 .819 .788 .733 .742
Ca .840 .816 .859 .861 .856 .863 .837
Na .025 .023 .027 .030 .038 .037 .040
K .000 . 0 0 0 . 0 0 1 . 0 0 1 .002 .0 0 1 . 0 0 2
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TABLE 2 continued
Location
Sanple
Analysis
14
507-16
1*
14 
507-18 
1 rim
14 
507-18 
1 core
14
507-18
2
14 
507-18 
3 rim
14 
507-18 
3 core
15 
507-36 
1 1*
sio2 51.14 51.39 51.27 52.00 52.10 '52.27 48.36
Ti0 2 1.05 .85 .91 . .91 .74 .74 2.56
M 2°3 2.86 2.60 2.40 2.29 2.71 2.66 4.44
Cr2°3
- .56 .64 .55 .97 .93 -
Fe2-^ 3 1.17 1.90
FeO 6.06 7.11 ° 6.92 6.99 6.09 5.85 7.-89
MgO 16.49 16.20 16.13 16.52 16.79 16.46 13.37*
MnO .20 .27 .24 .22 .21 .18 .21
CaO 20.'00 20.15 20.23 20.10 20.42 - 20.77 19.58
Na20 .27 .66 .30 .15 .22 .18 .35
K20 .02 .00 .00 .00 .00 ^00 .-Jog..
Total 99.21 • 99.81 99.05 99.74 '100.25 100 .05 *' 98.68
Number of ions on the basis of 4 caticns
Si 1.898 1.891 1.906 1.921 1.908 1.920 1.828
AlIV .102 ■ ."109 .094 .079 .092 .080 .172
Al^ .023 .003 .012 .020 .025 .035 .0 2 7 :
■Ti .029 .024 .025 .025 .020 .020 .073
Cr — • Q16 .019 .016 .028 .027 -
Fie 3+ .031 .055
Fe2+ .187 .219 .215 .216 .187 .180 ' .250
Ml .007 .008 .008 .007 .007 .006 .007
Mg .912 .888 .894 .909 .917 .901 .754
Ca .796 .794 .806 .795 .801 .818 .793
Na .018 .047 .022 .0 1 1 . .016 .013 .028
K .000 .000 .000 ‘ .000 .000 .000 .000
* Wet chemical analyses (recalculated on the basis of 6 oxygens
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TABLE 2 oontinufed
Location
Sarrple
Analysis
15
507-36
2
15
507-36
4
15 
507-36 
5 '
15
507-36
6
15
507-36
7
24
540-12
1
Si® 2 49.59 50.99 49.48 51v95 52.12 50.14 -48.83
Ti° 2 1.75 1.04 1 . 8 6 1 . 0 0 .93 < 1.73 2 . 2 0
M 2°3 > 3.63 2.44 3.94 2.03 1.96 5.81 4.63
,Cr2°3 .1 0 .14 .23 .07 .20 .05
-
Fe_0_
2 3 -
FeO ' 8.52 7.82 7.81 8 . 1 2 7.69 8.32 9.63
MgO 14.18*' 15.43 14.43 16.10 16.10 14.93 13.99
MnO . 2 1 *.23 .22 .19) . 15- .16 .29
CaO 20.71 20.91 21.53 20.14 20.91 < 2 1 . 2 0 ■ 20.49
Na20 .60 .28 .33 , .28 .47 .33
K2° .00 .00 . 0 2 .00 .00 .00 - .00 ’
Total 99.29 99.32 99.84 99.89 100.26 100.81 100.41
Nunber of ions cn the basis of 4 cations -
Si „1.853 1.898 1.838 1.920 1.919 L.841 1.825
AlIV .147 . 1 0 2 .162 .080 .081' • J59 .175,
Al7 1 * .013 .005 . 0 1 1 •Ofl? .005 .006 .029
Ti .049 .030 .052 .028 .026 .048 .062
Cr .003 .004 .007 . 0 0 2 .006 . 0 0 1 -
Feot - ' |
1Fe2 .266^ .243 .243 .251 .237 .255 .301
Mn .007 .007 .007 .006 .005 .005 .009
Mg .790 .856 .799 .887 .884, .817 .779
Ca . .829 .834 .'857 .798 .825 .834 .820
Na .043 . 0 2 0 .024 . 0 2 0 .014 .033 .024
K . 0 0 0 .obo • . 0 0 1 . 0 0 0 • ■ . 0 0 0 . 0 0 0 . 0 0 0
* ■ *
►
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TABLE 2 (continued '
/
, O
Location
Sanple
Analysis
2*7 * 
GA3-5 
~ 1
27 
GA3-5 
' 2
■ 27 - 
GA3-$ 
3
27 
GA6-24 
1 core 1
2 l  'GA6*24 
int.zone
27 
GA6-24 
1 rim *
CM
rlvo 
01
es
Si02. 49.89 •51.06 50.68 51^52 51.49 50.85 51.64
TiG2 1.48 1:50 1.56 •. v .83 .84 , 1.25 ..79
Al2°3 3.16? 2.81 » 2.65 1.97- 2.14 2.04 ' 1 . 6 8
Cr2°3 .34 .2 0 j . 1 0 ' .28 . 1 0 .07 .17
• ^ 3
' »
/
*
• * FeO 1 9.01 lp.61 L_ 1 1 . 8 6 7.47 '8.17 10.63*. 8 . 0 1
MgO 14.48 14.67 14.12 16.15 ' 15.84 .14.69 ' 16.17
MnO .35" .28 ,36 .29 * , *.22 .31 .30
CaO ?0 . 1 2 19.30 18.87 20.42V- 2 0 . 2 2 19.13 - •20% 10
' Na20 .38 .36 .29 . 25> .27 .26 .20
. k2o .00 ■ . 0 0 . 0 0 . 0 1 .04 . 0 2 .00 ' 
c *
Total L' 99.21
9
100.79 * 100.47 ' - 9^.18 99.33 99.16 99.08 » '
v Number of ions cn the basis of 4 cations Ifc
si 1.870 1.891 1.893 1.915 1.914 1.913 1.925
. ,~"~AlIV .130 .109 ' .107 -.085 .086 .087 .073
Al™ : .0 1 0 .014 .009
JU» . 
• . 0 0 1 .008 .003 _
Ti ^ .042 .042. .044 :023 .023 .035 * . 0 2 2
Cr w
FteJ* 1
r  .0 1 0 .006' ..003 • .008 .003 . 0 0 2 .005
-  *te2+ .282 .329 .370 .232 .254 • >334’ *.250
Mn ‘ . - . 0 1 1 - .009 ° . . 0 1 1 .009, .007 . 0 1 0 .009
Mg .809- .810 .786 .895 .878 - .824 .898
Ca .808 .766 :755 • .813- .805 .771 .803
■Na • .028’ .026 . 0 2 1 .018 .019 .019 .014
V  K . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 0 0 1 looo
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TABLE 2 continued _
- Location 
Sanple 
Analysis
28 
* 547-1 
1
•28 * 
547-3 
1 core
28 • 
547-3» 
1 rim
28 
547-3 
2 ,
35 
549-1 
' 1
35 
-549-1 
2 core
. 35 
549-1 
2 rim
SiCu
2 s? 4 9 . T l 49,. 5 3 50.79 • ' 50.06 49.87 50.30 ‘49.404
TiO^ a 1.90 \ 1 *6 8 1 .2 2 ' 1.56 1.25 1.42 1.80
.  ai2o 3 • 3.71 3.51 2 . 0 1  * 2.79 3-05 3.02 3.14
Cr2°3 - . 0 2 .05 .05 .17 .08 .00
-
FteO 11.25
0
1 1 . 0 2 14.12 11.62
l
10.38 e i0.27 13.87
MgO 11.93 12.72 1 1 . 0 2 12.37 14'. 22 13.53 1 2 . ^ 8
MnO .19 .28 .43 .30 " .31 .34 J4 ' *44
CaO 20.46 2 0 . 8 8 20.54 20-.76‘ ■ 19.89 ' 20.14 • 18.64
lNa2° " . 0 & . *54 .65 .54. .29 ‘ .30 • -*.32
k2o ' . 0 0 . 0 2 • . 0 2 * .04 . 0 1 • ..01 .00
Ttital . 99.22' 1 0 0 . 2 2 100.85 100.09 99.45- 99.40 100; 49
Nunber of ions a\_the basis of 4 cations
Si' * 1.899 1.855 ' 1.916 1.884
'AlIV . - - 1 0 1 ,145 .084' .116
A l ^ .066 . 0 1 0 - .006 .007
Ti .055 .047 '.035 .044 '
Cr , 0 0 1 :ooi ‘ .0 0 1 ,
fle3+ r
Pe2+ .359 ' .345 .446 - .366
. Mn .006 s .009. • jOIA* .010
Mg • .678 . .710 tm20 .694
Ca , .836 .838 «  .830 .837
' Na .0 0 0 , .039- ' .048 .039
K . 0 0 0 . 0 0 1 ^ 0 0 1 ..002
.872 • '1.894 1.860 «
,128 .106 - :140 . o
.007 .028 .000 *
.035 .040 .051 *
.005
j
• . 0 0 2 .000
1.
.326* .323
✓ ■
..437 —
.0 1 0' . 0 1 1 .014
.796 ' .760 .723
.800 • .813 ’.752
. 0 2 1 ' . 0 2 2 .023 '
. 0 0 0 . 0 0 0 o - .000
y
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TABLE 2 oon.tin.ued f• -
,
Location 35 . 35 35 35 . 43 -
Sanple 549-1 549-1. 549-1 549-1 551-26 567-38 567-38
Analysis 3 core 3 rim 4 5 1 1 2
Si02 • 49.48 51.10 48.96 4^.51* _ 51.7Q 49.49 48.87
TiO_ 1.75 .78
V*, *
1.98 ' M.60 ' .87 1.77 1.77
2 . t
Al_0o >: 2 3 3.19 1.95- 2.83 . 2.95 1.89 4.14 4.41
Cr_0~: Z J , .05 .02 . .01 . . 0 2 ' .02 .05 . 2 1
Fe2®3 ' w> r * C
FeO 1^.84 13.87 14.35 14.89 11.55 1 0 . 2 1 10.63 ,
MgO 1 3 . 0 1 12.38 11.50 11.29 13.84 11.95 12.23
MnO • .41 .54t .63 .62 .39 .23-*'*' .20
CaO 18.79 18.97 19.06 18.95 19.72 2 1 . 2 2 21.72
Na2Q .30 .25 .35, .38 .21 f.46 .57
K20 . 0 0 .0 0 . .02 .04 .03 .04 .0 1 -
Total 99.82 /  99.85 99.59 100.2.4 l6 0 . 2 2 99.55 t 100.62
• Nunpber' of vions on the' basis of 4 cationsi
& 0
Si '1.871 1.941 . 1.872 1.884 1.937 1 . 8 6 8 '1.823
AlIV .129 .059 .128 .116 .063 .132 4 *177
znVIAl .013 .028
■%
. 0 0 0 .017 . 0 2 0 .052 .017
Ti .050 . 0 2 2 .057 .046 .025 .050 .050 «
' Cr . 0 0 1 . 0 0 1 . 0 0 0 . 0 0 1 . 0 0 1 .0 0 1 - .006
F53+ - V *
Fe2+ .406 .441 .459 .474 . .362 .322 .332
Mn - ^.013 .017 . 0 2 0 . 0 2 0 . 0 1 2 .007 .006 •
Mg .733 . .701 .656 .640 .773 .672 .680
Ca -.761 . .772 . .781 .773 .791 .858 '.868
Na . 0 2 2 .018 .026 .028 .015 .034 .041
K . 0 0 0 . 0 0 0 . 0 0 1 .0132 . 0 0 1 . 0 0 2 . 0 0 0 *
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TABLE 2 c o n t in u e d
Location
5^7-38Sanple 567-38 567-38 567-39 567-39 567-39 567-44
Analysis 3 4 5 1 2 3 1
s i o 2 49.89 ~~50.52 '.-51.79 49.53 4§.68 49.05 50.52
Ti02 1.82 ' 1.38 .97 1.43 1.53 1.43 1.24
M 2°3 3.42 2.92 1.37 3.81 3.93 3.85 3.81
C r 2 ° 3
.ao .02 '-.00 .35 .40 .34 .15
e
. •
PeO 11.64 11.72 12.29 8.77 8.75 -8.83 7.87
MgO 11.63 11.76 -11.95,,. 13.37 13.70 13.42 14.84
MnD .27 .25 .31 .14 .23 .15 . 2 0
CaO 20.74 21.25. 2 1 . 0 0 21.31 21.48 21.65 2 2 . 0 1
Na„ 0 . .56 ,.48 .32 .30 .36 .50 .31
2
K2° .00 ' .03 . .02 .00 .02 .01 . 0 0
Total . 99.98 100.33 1 0 0 . 0 1 99.03 ' 99.48 99.23 100.95
- Nuntoer of ions on the basis of 4 cations
Si 1.885 1.901 1.961 1 . 8 6 6 1.829 1.840 1.852
AlIV .115. , .099 . .039 .134 .171 .160 • .148
Al^ .037 .031 . 0 2 2 .035 .003 .011 * .017
Ti .052 .039 .028 .041 .043 .040 .034
>Cr . 0 0 0 . 0 0 1 . 0 0 0 .010 .012 J . 0 1 0 .004
Fe3+ - *
Pe2+ .368 - .369 .389 .276 .275 .277 .241
Mn .009 .008 .010 .004 .007 .005 .006
Mg .655 .660 ‘ .674 .751 .767 .750 -.811
Ca .839 .857 .850 ' .860 .865 :870 .864-
Na .041 .035 .023 .0 2 2 .026 .036 . 0 2 2
K . 0 0 0 . 0 0 1 . . 0 0 1 . 0 0 0 .0 0 1 .0 0 0 . 0 0 0
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TABLE 2 continued
location
Sanple
Analysis
567-44
2
567-52
1 *.
E 
31 
1 core
E . E 
31 - 31 
1 int. zone 1 rim •
E
31
• 2 core 2
E 
31 
int.zon
Si02 50.38 49.04 51.06 50.32 49.35 51.05 51.22
Ti0 2 1.41 1.84 1 . 0 2 1.14 1.69 1.16 1.06
M 203 3.64 T9 4.23 3.38 . 3.03 3.88 3.36 2.80
-2°3 • .08
-  ■ .73 - .13 .06 .51 .21
^2^3
FeO 8 . 0 0
1.95
7.25 6„.68 • 7.34 ,11.23 7.12 7.28
MgO 13.65 13.78 15.29 14.77 13.08 15.30 15.05
MnO .16 .25 . 1 1 .12 .33 .11 .11 ■
CaO . 21.70 20.77 21-. 48 21.84 20.18 22.04 21.79
Na_0
Z. * .39 .42 .41 .48 .55 .39 .40
k2o * . 0 0 . 0 2 .0 1 ;oi .0 0 .01 .02
Total 99.41 99.55 100-.17 99.28 100.35 101.05 99.95
Number of ions on the basis of 4 cations
Si 1.887 1.852 lc.879 1.873 1.843 1.864 1.893
Ai1 7 .113 .148 . 1 2 1 .127 .157 .136 .107
Al7 1
.0m)
.039 .026 .006 .014 .009 .015
Ti .030 .028 -.032 .047 .032 .029
Cr . 0 0 2 , — . . 0 2 1 .004 . 0 0 2 .015 .006
Fe3+.
Fe2+ ,.251
.056
.229
0
.206 .229 .351 .217 .225
Mn .005 .009 - .003 .004 ; .0 1 0 . .003 .003
Mg .762 .776 .839 .820 .728 ' .833 .-829
Ca ' .871 .840 .847 .871 .808 .862 .863
Na” A ' .023 .032 .029 .035 .040 .028 .029
K .000 .0 0 0 . 0 0 0
.. — . ■ —
.0 0 0 . 0 0 0 . 0 0 0 . 0 0 1
* wet chemical analyses (recalculated ‘on the basis of 6 oxygens)
r
i
0 ft
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TABLE 2 c o n t in u e d
Location
Sanple
Analysis
E
31
» 2 rim
E
31
3
E
31
4
<3 E 
31 
5
E
31
6
E
31
7
E
31
8
sio2 48.63 50.33 51.15 - 49.04 50.44 49.39 49.15
Ti02 2.06 1.15 1.25 1.53 1.36 1.40 1.65
4.10 3.54 2.98 3.13 2.57 2.80 2.83
^2^3' .01 .61 .02 .08 .04 .07 - .02
FeO 12.94 7.22 7.38 13.31 14.34 15.49 15.82 "
MgO 11.91 15.25 . 15.27 11.21 11.07 11.25 . 10.63
MnO .27 .17 .20 .31 .35 .59 .55 ■
CaO* 19.88 21.78 22.04 20.73 "20.30 19.11 18.93
Na2° .65 .42 .40 ‘ .62 .46 .59 .46
k.2°.
.01 .00 - .00 .02 .01 .01 '-IS? *02
Total 100.45 100.47 10 O'. 6 8 99.98 100.93 - 100.70 100.05
Nurrfaer of ions on the basis of 4 -cations
Si 1.828 1.848 . 1.875 1.860 1.904 1.870 1.882
AlIV .172 .152 ' 1125 .140 * .096 .125 ' . .118
Al^ .010 .002 ' ,.004 .000 .018 — .009
Ti .058 .032 .034 .044 .039 .040 i-048
Cr .000 .018 . .001 .002 .001. .002 .001
Fe2+ .407 .222 .226 .422 .453. . .490 .50,7
Mn .009 .005 .006. .010 .011 - .019 .018
Mg - '.667 .835 *.834 .634 .623 , .635 .607
Ca .801 .857 .866 .842 .821 .-775 .776
Na .047- ‘ .030 .028 .046 .034 , .043 .034
K .000 .000 .000: .001 .000
.000- .000
!t«a— W W W
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
TABUS 2 continued
Location
Sarrple
Analysis
E •
31
9
E
31
10
E ' 
31 
11
E
31
12
E
31
13
-- E 
31 
■ 14
E 
31 
15 core
sio2 . 49.37 49.30 49.35 49.39 49.66 50.07 49.95
TiG2 1.41 1.61 1.52 l.<50 ' i:42 1 . 1 1 1.50
A12°3 2.42 2.45 2.39 2.13 1 . 8 6 1.35 3.42
Cr2°3
FeO
.0 0 *
16.05
.02
17.56
.01
18.39
. 0 0
19.45
.02
20.54
.00
21.23
.03
8 . 6 6
MgO 10.42 1C. 35 10.26 1 0 .oi 10.06 8.09 14.27,
MnO *57* " .66 .64 .66 .83 .91 .2 1 "
CaO 
Na20 •
18.54
.61
17.14 
.60 '
16.47
\59’
16.17
.57
14.86 
.54 .
17.22
.57
21.52
’.49
"2° . 0 1 . 0 0 .01 .03 .00 .01 .00
Total 99.41 99.98 99.82 1 0 0 . 2 1 99.81 100.41 100.06
Nurrber of ions on the basis of 4 cations
Si
AlIV-
**1.903
.097
1.903
.097
1.907
.093
1.910
.090
1.932 
■ .068
1.951
.049
1.853
.147
Al^ *
Ti
Cr
Fte2+
Mn 7
Mg
Ca
Na ' • 
K .
.013
.041
. 0 0 0
.517
.019
.599
,766
.046
. 0 0 0
.015
.047
. 0 0 1
.567
. 0 2 2
.596
.7.09
.045
. 0 0 0?>
.016 ‘ 
.044 
. 000 
.594 
. 0 2 1  
.591 
.682 
.045 
.000
.007 
.044 
. 0 0 0  
.629 
. 0 2 2  
.577 
‘ .670 
.043 
. 0 0 1
✓
.017
.042
. 0 0 1
.668
.027
.583
.619
.041
. 0 0 1
.013 
.033'
!ooo
.002
.042
. 0 0 1
.269
.007
.789
.855
.035
. 0 0 0
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TABLE 2 continued 
•
“
Location
Sanple
Analysis
E
31. ' 
15 rim
sio2 48.75 -
Ti02 2.26
M 2°3
4.25 -
Cr203 ' .00 ■
FeO 11.84 t
MgO 12.33
MnO .30 -
CaO £ 20.38
N a O .66 * .
k2o .00
* e ^
Total 100.77 • *
Nunfaer of ions on the basis of 4f'cations
Si 1.821 .
•AllV ^ .179
Al ^ .008
Ti .063 <
Cr .000
Fte2t .370 .V"' • * »
Mn . ’ .009
Mg .686 u ‘ * v
Ca .815'
Na .048 i • *
K .000
»
t 5
K
* , V *
* . ' ' - ’ 
I  ^ ‘ v '
i - *
. i
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TABUS 3. Type B Dolerites (Including Ultrairafic Cumulates*)
Location
Sanple
Analysis
9
495-2
1
9
495-2 
2 core 2
9
495-2 
int.zone
9
495-2 
2 rim
9
495-2
3
9
495-2,
4
9
495-2
5
S i ° 2 48.95 48.60 42.89 45.84 44.12 42.38 ' 43.92
Ti02 3.02 2.71 5.31 4.18 5.12 5.84 5.29
M 2°3 4.66 4.73 8.50 . 7.14 8.05 9.69 8.49
-2°3 .2Q .24 .13 .09 .06 '.03 * .08
FeO 7.53 6.41 7.75 8.24 7.76 7.86 7.52
MgO 12.82 13.27 10.93 10*63 10.85 10.32 10.95
MnO .17 .1 1 .16 .19 .14 .14 • .13
CaO 22.35 2 2 . 8 6 22.51 22.49 22.74 22.95 22.07
Na^ . .57 .44 .62 .55 .70 .58 .72
k2o '.00 .00 .00 . 0 0 .00 .00 .00
Total 100.07 ,99.36 98.80 99.35 99.54 99.79 99.17
Number of ions on the basis of 4 cations
Si 1.822 1.817 1.630 1.738 1.665 1.599 1.662
Al^ 7 .178 .183 .370 .262 ,.v 335 .401 .338v7 ’
Al^ .026 .026 . 0 1 1 .057 * .023 .030 . 040\
Ti .085 .076 .152 . -119 .145 .166 . 15l\
Cr .006 .007 .004 .003 7002 .001 .0 0 2-)
Pe2+ .234 . 2 0 0 .246 .261 .245 .248 .238
Mn .005 .003 .005 .006 .004 .004 .004
Mg .711 .740 .619 . .601 .610 .580 .617
Ca .891 .916 .917 .913 . .919 .928 .895
Na .041 .032 .046 .040 .051 .042 .053
K . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 .oob, . 0 0 0
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TABLE 3 c o n t in u e d
Location
Sanple
Analysis
9
495-2
6
9
495-2 
7 core
$
495-2 
7 rim
9
495-2 
8 core
9
495-2 
8 rim
9
495-2
9
9
495-2
10
sio2 48.30 . *34.51 42.16 48.24 47.67 45.31 48.26
Ti02 2.68 4.50 ,^6731 2.52 -3.19 4.04 3.02
A!203 5.12 8.43 ■ 9.77 5.59 5.62 7.61\ 5.05
^ 3
.12 .05 .01 .40 .06 .04 .08
FeO 7.48 7.33 8.16 6,. 01 7.29 7.96 7.63
MgO 13.49 11.57 10.26 13.55 12.76 11.34 12.86
MnO .18 .15 -.15 .20 .20 .16 .14
CaO ~ 21.54 21.96 21.62 22.04 21.90 22.13 22.49
Na20 .40 .59 .84 .39 .50 .53 .37
K2° .00 .00 .01 .00 .0Q .00
.00
Total 99.31 99.18 99.32 98.98 99.22 99.16 99.90
Si
Al-IV
Al^
Ti
Cr
,-Fe2+
Mn
Mg
Ca
Na
K
Nurrber of ions on the basis of 4 cations ✓ k
1.809 1.679 1.599 1.807 1.791 1.713 1.804
.191 .321 .401 .193 .209 .28X7 .196;
.035 .054 ' .035 .053 .040 .052 .026"
.075 .128 '.180 .071 .090 .115 .085
.004 .001 .000 .012 .002 .001 .002
.234 .231 .259 .188 .229 -.252 .238
. .006 .005 .005 .006 .006 .005 .004
.753 .650 .580 .756 .715 ■ .639 • .716
.864 .887 .878 .884 .882 .897 .901
.029 .043 .062 .028 .036 .039 .027
.000 ' .000 .000 .000 .000 .000 .000
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TABLE 3 continued
Location 9 10 10 10 10 10 10
Sanple 495-2 495-6 495-6 495-6 495-6 495-6 495-6
Analysis 11 • 1 2 3 core 3 rim 4 5 core
sio2 49.07 49.94 49.69 49.32 49.46 49.52 49.61
Ti02 • 2.97 2.46 1.85 1.75 1.45 1.64 1.74
M 2°3 5.20 4.79 3.81 3.51 2.95 3.27 3.22
Cr2^ 3 .13 .10 & .09 .05 .03 .00 .01
FeO 7.97 9.27 9.61 10.44 10.62 10.99 1^36
MgO 11.96 12.J50 12.44 12.37 12.41 12.03
MnO .19 .17 . .19 .23 .30 .29 .27
CaO 22.05 22.07 22.38 22.02 21.74 „21.54 21.90
Na2°; .61 .37 .32 .52 .39 .50 .36
K2° .00 .00 .00 .00 .01 .00 .01
Total 100.23 99.67 100.38 -100.21 99.36 99.78 99.54
Nunfoer of ions cn the basis of 4 cations •
Si 1.834 1.802 1.858 •1.848 1.871 1.868 , 1.876
AlIV .166 .198 .142 .152 .129 .132 .~124
Al^ - .064 .014 .026 .003 .002 ..014 .020
Ti • .083 .070 .052 .049 .041 .047 * .049
Cr2+ .004 .003 .003 .001 .001 .000 .000
Fe -.249 .291 .300 .327 .336 .347 .328
Mil .006 .005 .006 .007 .010 .009 .009
Mg ' .666 .700 .693 .691 '.700 .676 .680
Ca .883 .889 .897 ' .884 .881 .871 .887
Na <044 .027 .023 .038 .029 . .037 .026
K * .000 
*
.000 .000 .000 .000 .000 .000
if
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TABLE 3 continued
Location AO 10 10 10 10 10
- -----c—
10
Sanple 495-6 495-6, 495-6 495-6 495-6 495-6 495-7
Analysis 5 core 5 rim 6 7 ‘ 8 9 • 1
Si02 49.21 51-29, 50.79 50.02 51.31 51.34 50.82
Ti02 1.77 .84 - .59 .54 .62 .53 1.71
3.39 1.38 1.09 *1.57 1.02 1.08 3.50
.02 .04 .00 .00 .00 . .00 .03
FeO 1 1 . 1 1 12.16 13.88 14.36 14.21 15.93 9.71
MgO 11.80 11.70 10.09 9.34 10.04 8.85 12 4 67
MnO .25 .38 .35 .36 .40 .41 .25
CaO 21.82 •_21.53 .22.05 ' 22.37 21.83 21.75_ 21.54
Na20 .39 '.29 .44 .60 .44 .84 .29
1 ^ 0 .00 .00 .00 .01 .00 .01 .00
Total 99.75 ' 99.60 .
%
99.27 99; 20 99.86 100.74 100.53
Nurrber of ions cn the basis of 4 cations
r 1
Si 1.861 i.951 1.955 1.930*** 1.966 1.959 1.898
AlIV .139 .049 .045 .070 .034 .041 . 1 0 2
Al7 1 .012 .013 .004 . 0 0 2 .012 .008 .052
Ti .050 .024 .017 .016 .018 .015 .0 ^ 8
Cr .001 .001 .000 .0 0 0 -* .000 . 0 0 0 . 0 0 1
Fe2+ .351 .387 .447 .463 .455 .508 .303
Mn .008 *'.012 .011 .012 .013 .013 .008
Mg .665 ,663 .579 .537 .573. .563 .705
Ca .884 * .878 .909 .925 .896 .889 .862
Na .029 .021 .033 .045 .033 .062' . 0 2 1
K .000 .000 .000 .000 . 0 0 0 .000 - . 0 0 0
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TABLE 3 continued*
Location 1 0 1 0 1 0 1 0 1 0 1 0 1 0
Sanple . 495-7 495-7 495-8 495-8 495-8 495-^ 8 495-8
Analysis 2 core 2  rim 1 core X1 rim 2 core 2 rim 3 core
sio2 48.74 48 & 3 '48.52 49.10 50.47 46.36 50.03
Ti0 2 2.56 2.72 2 . 2 0 2.15 1.65 2.82 1.79
M 2°3 . 5.13 5.63 4.27- 3.54 “3.76 5.57 3.41
< * %
. 0 1 - .03 .1 1 " .02 . .09 * .11 .09
FeO-- 8 . 6 6 . 8.89 9.01 10.36 • 9.9/1 9.43 8.91
MgO 1 2 . i8 11.87 12.90 * ‘ 11.94 ' 12123 12.24 13.16
MnO . 2 0 .25 .19 .26 .26 .17 - . 22
CaO 22.23 v 21.67 21.98 21.91 2 2 . 1 0 4 22.15 2 2 . 6 8
Na2° • .41 .25 . 1 1 .16 .24 .20 .17 ■
k2° . 00 .02 o o .00 .00 .00 • .00
Total 1 0 0 . 1 1 99.95 99.28 99.43 100.74 99.05 100.44 »
V
_j Nuntaer
>
of ions cn the basis of 4 cations \- -
Si
l
‘1.824 1.828 1.831 1.864 l.,8 6 8 «!* -1„7SM 1.864
Al*^ .176 .172 .169 .136 - .-■132 '1243 .136
Al71 .050 .078 . 0 2 1 .022 .032 .006 .014 '
Ti .072 .077 .062 .061 .046 .080 .050
Cr ‘ . 0 0 0 . 0 0 1 .003 . 0 0 1 .003 - .003 .003 ^
Fe2+ .271 .279 .284 .329 .308. .299 .278
Mn . OOfj*- .008 .006 *008* .008 .005 .007 ’
.679 .665 .726 ' .676 .689 ™v.692 .731
Ca .891 ' .873 .889 .891 .901 .900 .905
Na .030 .018 .008 .012 .019 .015 .012
K . 0 0 0 . 0 0 1 . 0 0 0 i0 0 0 .000 . 0 0 0 .000
ft
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TABLE 3 continued
Location 10 10. ■ 10 * 11-* 11 11 11'
Sanple *495-8 '' 49,5-9" 495-8 506-8 506-8 506-8 506-8
Analysis 3 rimc 4 core 4 rim 1 2 3 4 -.
Si02 47.62 47.66 49.63 48.63 46.12 48.91 , 45.24
Ti02 2.31 2.73 * 2.16 . 2.58 3.52 2.23 4.50
M 2°3 5.50 5.00 3.93 4.89 5 7.33 '-t 4.16 ' 7:73
Cro0_j .08. .11 .02 .24 ' ,1-8 .10 .092 3 * V 0 >
Feo 9,05 •> 9.33 9.22 6.78* 6'.27 6.90 7.24
M£) 12.38 12.52 12.89 13.45 12.19 13.09 11.66
MnO .14 .19 • 14' .17■» .25 .21
CaO 22.13 22.07, '22.19 ' ,22.93 -23.08 23,16 22.86
Na20 .21. .28 .19* , .58 .71 .46 .68
¥ .00 .00 .00• ,01
‘ .00
* \
.00 .00’
Total i 100.09. 99.89 100.41 .100.22
V  *
99.57- 99.28 100.22
Number of ions cn the/basis jst 4 catiotis «?
Si 1.786 1.790 • 1.853 1>800 1.720 1.832 1.687
A1IV' c -.214 .210 .147 .200 .280’ .168 ' .313
A1W .029 .011 .026 .013 .043 .'016 .027
Ti .083* .077 .061 .073 • .100 .063 .127
Cr ' .002 .003 .001 .007 .005 .003 .003
Fte2+ .287 , .293 .288 .*210 .196 .216 .226%
Mn .• 1004 .00$ .006 .004 .00$  ^ .008 .007
Mg .692" .701 ,.717 .742 .678 .-731 .648
Ca .889 ,1388 .888 .909 .922 .929 .913
Na .015 :020. .014 .042 v . .051 .033 .049
K oO '
o
•• .000 ■.000 .000 .000 .000 .000
/
T**
*»
•
*
»
O
t
i
4 •
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TABIE 3'continued
Location 11 °11 , 11, 11 li
Sanpk 506-8 506-8 506-8 506^ -8 .506-8
Analysis 5 6 7 8" . ■ 9
M l  * 1‘1
5Qfir8 506-8
;■ - u
Total,
”50.54 
.80 
1.64 
^ . 0 0  
13.49 
9.00*"
\ .47* ;
22.63 
.8^ 7
0
, .02
98.48 -98.51 ‘ 98.75. ^9 .4 '0
, Si02 44.6§» 46.93 % 50.11
; * Tio2 4.28 . 2.93 \i ' '1**54
Al 0 , ‘ 
2 3
* 7.42 '6.30 3U0
Cr2?3 • , .02 .01 . ,. *- *02'
,PeO ' ! 7.56- •"7.89 ,v 9.28 :
MgP , - 11.50- ' o c 10.38 'j
£ ,6 8
‘ MnO." -, >v  .14 - -.18 • .16 .
■* CaO % 22.00, * .23*21. 22.20
. Na2° • V .84 ' . ‘.68 •
.64
' .050 • ’ .00 * '  ro3, <
50.21
.68
1.68
.59 
. 8.21 
.55, 
22.28 
:98 
t04‘
100.23
50.12o
.70
1.68
»
.05
16.04' *
'6.9$
.50
21.87
1.09 ' %
>  .00 
99.02
•Nunbe^of ions- on the ^ basis' of* 4 caticps
' Si i:694 „ 1.788 ; 1.9p3 1.941 1.926* * 1.956
. 'A1IV >' *306 ' . iilZ - ;.097 „ .059- • .074 .044
w.w s fe  **
t ’
.071, v 7042 *7 .01£ ■ .002 •Q|4
' i i  ; ^122 ■ ‘ .084 .044 .023 -.020 , .021
1 .001, t .000 .001-* - *.0Q0 .000 * t r .0024T .Fe -.240 .251* ■-*295 .433. , ,.500' ' ’ :524
..Mn*► . t , .004 *. ..006 . ^005 r ' .015 .018 ’ .017
-« m  \ ~ -.650, .590 , .661 .515, .469- * -*407
• .894 , .948 * i .903'. - .931 .916 • * .915
- Na , ' .062 .050- .",047 - . *065 .073 ,.082
• - K ^ >' ,G0p • “ '.000t , ~ * .001* ’ e> ■* .001 ■ -.002- .000
\
* c
... * *  1 \
'  ^*■
• v.>;
49.-73 
.62 * 
1.96 
*'.02
10.86c
, 7.28 
**.50 
20.79 
. .79
* ■ S 
98.57
1.955
.045
'.046 
.019 
.001 * 
.552, 
.017 
.427 ‘ 
.876. 
r .060 
'■ -.004'.
« \ 6 ' '  ‘
9 * 
*  ‘ 'V ,I *. ■
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TABLE 3 continued
4?
, Location 
. Sanple 
Analysis
11
506-8
12.
11 
506-8 
-  13
11
506,-8
14*
•11 ' 11 
506-8 ‘ 506-8 
15 ' ^  16
--- »•
11 ■ 
506-8 
* 17
11
506-8
18
Si02 49.61 •47.66 ,50.44 48.92 . 48.20 48.98 49.35
m ,  - .88*' 1.66 .63 .80 • 1:05' * .86 ^ .'67
" • U 2°3 ■ 2.05 3.49 1.76 , ,j2.19 ' 2.81 - .1.83 . 1.54
■ -a 2°3 .01t . .049 ."03 .04 .01 .'01 • • 0 0
PeO 17.30 / 18,30 15.54 ’ 17.61 - 20.85 & .69 24.12 <' >
MgO 6.68 5:74 7.51 , 6.58 4.*05 ‘V 4.18» 2.45#
MnO . *57 .70' . .45 ' *5? .89 " .83% .95
CaO , ’ 21.84- 21.36 ’ 21.73 ~ * 21.08 ^ 20.32 . 19.32. .19.12
1.32 ^  1-48. 1.11 1.31i 1.92 2.38
, *
2.21 .
. '#2° ■ ‘ - /04 . .00 $ 0  . ,*.00 ;.oo .00 ’ .02
x ^  Total 100.28 ,100;20 .99.02 99.10 100.08 100.08 100v43
. Nurjber o f ions' on the? basis of 4 cations - **
Si ’ i.915 1.846 1.958 ‘ 1.913 1.8*90 * 1.917 1.953*
l AlIV , * .085 .154 . ’ .042 ♦^.087 .110» • .083, .047
-VI ' “ A1 .008' . .005 '.039 . *.014 .020. .,002 “ .024.
* \  Ti .-.026 , .049 . r - S .19 M)24 .. .011' ',.*026. .020
t r  , .000 .'001 ' • ;0pi • *001 .000 .0,0 0 . ■ '.JOOOFe2+ .558 J593- .-;5Q5- .576- ‘ .684 .710 .’798 ‘
Mn ;019 v .023 *015 .019 .030' .028 . .032
Mg ‘ -384 .331 x  .435 .384 .237*' V.244; ..144
ca . .903 .886'- .904 , - . .883 .853 .8io ".811
Na ■ '.099 . .111 .084 ' .'099* .146; .181 ' -.no*'
K. ‘ ‘ .002* ,.*r .000, • .000
.0,00 .JOOO' * .000- ■ • '.091
1 asr-
J - 
f \
■ d
r tf
, • «% *
t ->*' ' ,■«' ’ ***--v> ,
,
■A.
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TABLE 3 continued.
v
Location
Sairple
Analysis
11 . 
506-8 - 
19
22
538-16
1
‘ . 22 - '  
538-16- 
2
2^,
538=46
3 core
22 
538-16 
3 rim'
22 
538-16, 
4 v.
22 
538-16 * 
5
S iC ^ 49.49 48.52 48.15 48.57 47/83 ' 47.88 46.41
'ri02- ' 
M 2°3
*72 
• 1.36.
2.13 ji
4.30
3.14 
5.29 '
2.29 • 
4.51
2.43o
4,23
2.64
‘6.33
.. 3.14
6.510
* £ 3
PeO
* .01 “ 
24.84
.02
9.97
.06 
, 9.80
. .00 
9.79
- .00 
10.03
.08
9.47
.05
9.79
MgO 2.08 11.49 . 11.17 11.48 11.86 11.52 ’ 11.48
MnO -1.01 . .20 < ,.15 .22 .18 .20 .15-
CaO 18.87 22.33 22.32 22.16 22.19 22.36 22.63
N^O 2.35
•>
.'40 .45 .•54 .42 .35 .45
.00 \ .00 .00 .00 .00 .00 .00
Total’- 100.73 99.38 ' 100.55■* 99 .& 99.17 100.82 100.62e •
. Nunber of ions'to the basis o f 4 cations ,
Si 1.957
.043
1;839 , 
-.161
1.808 
4 .192.'
1.835^ 
’ .165
1.814'
.186
1.785
.215
1.735 : 
.265
Al^1
Ti
Cr ; ■ i 
Pe?+
Mn 
Mg •
Ca
Na
K
..02d ^  .031 
• .022 .061 
■ .ooo . '.o o r
.821 ‘ .316 
. ' .034 .006 - 
* .123 .649 
.800 .907 
. 180* J '• .029 
,.000 .000
>042 
.089 
' .002 
.308 
.005 
- .625 
. '.898 
.033
.ooo •
.036 
.065 
.000 * 
.309 
.007,, 
.646;/ 
.897 
7040 
.000
.003 
.069 
‘ .OOO 
7 .-318 
.006 
.671' 
.902K Q
..031 
. *000
^.Q63 
> .074 
.002 
. -.295 
.006 
.640 
, ’ .893 
' .025 
.000
.021 
.088 
.001 
.306 
.005 
* ' .640 
.906 
,033
,.000
t-
r i ” ** - **■•
•
* * 1■' *  '
.0 •
* * -
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TABLE 3 continued
"Location „
simple
Analysis
22
538-16
6
22 
• 538-16 
7
22 
538-16 
8 core
v
22 
538-16 
8 int.zone
• *22 22 
’* 538-16 538-16 
8 int.zone 8" rim
23
538-30
' 1 _
Si02 44.54 50.60 5p.91 \  46.95 44.14 . 50.22 48.50
Ti°2 
ia2o 3 
Cr203 
FeO %
4.02
7.82
, .13 
10.11
1.29
2.13
.05
10.156
'1.5Q>
2.40
.20
9.51
/  3.22 
5.95 
.15 
9.79'.
.14
10.09
8 ^ -5 7
3.02
.03
10.89
2.08 
■' 4.64 
,09 
| .9 3
MgO , 11.04 . 11.32 • 13*. 20 11.89 10.09 11.08 14.07
MnO .18 .25 .29 .14 .16 .34 • .30
CaO ■ 22.17 22.59 *22.12 22.24 22.27 21.95 22.65
Na_0 * .44 .37 ..31 .54 • .59 .37 .29
.00
V
.00 .00, 'f .* ' .00* *'.00 .00 .00'
Total 2,00.46. 99.25 1Q0.44 100.87- 99.03 99.46 99.62
Nurtber of ions on the basis bf 4 cations
&
Si 1.672 1.927 1.900 1.749 1.681 1.911 1.807
AlIV .328 .073 . .100 .251 .319 .089 .193
u ^ ' ' .018 .022 .,.005 ■ .010 ' -.026 .046
«* V
.01.0
Ti- ■ .113 .037 .t>42 .090 .118 .045 .058 '
Cr .004 .002 .006 * .004 .004 7001 .003-
Ite2+" *317 . .339 .297 .305 - .321 .347 .216
Mn .006 ♦ .008 .009 ' .004 -.005 .011 \  .009
‘Mg * .618 .643 .734 , .660 .573 * .628 * .780
Ca * .892 .922 .884 .887 .909 . .895 .903
Na .032 .027 .022 .039 .044 .027 .021
K .000 .000 . .000 • .000 .000 .000- .000
\ a *
*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 3 continued 
*
_    _
Location 23 23 E E E • . . E ' E
Sairple 538-30 538-30 •Eh-UBl*. Th-UBl* Th-UBl* Th-UBl* Th-UBl*
Analysis 2 3t 1 core 1 int.zone 1 rim » 2j 3 ' *
Si^' 45.05' . 44.56 52.47 50.78 52.86 52.82 50.13
Ti02 3.89 3.99 1.17 ' 1.87 „ 1*45 1.16 1.54
A3. CL 7'. 52 . 7.58, 1.86 3.84 1.79 .* 1.72 3.86
? ° 3 .09 .09 .57^ .29 .20 ‘.42 .77I*'!.*'
Fejb •8.27 ' 8.16 - 5.27- 5.84 .'5 ,96 5.47 ' ‘ 5.78
'^ Mgb 11.77 11.59 16. i3 15.14 ' 15.09 . "i6.09 15.32
Miloi
k+
.33 .29 .10 .-16 J- .* *13 .13 • .11_CaO •a 22.88 23.01 22.27 22.42 ;‘22*01 21.84 22.20
> £ » .46 .48 .23 ." •7 1  ' . .91 .46 .41'
f ;oo"‘- -.00 .01 s. .01 ’\- ..02)“ .01 .00
Total
I
100127 ‘ 99.75 , 100.05 101.06
\
100.45 ' 100.06 100.21
r  ;
Number of icns on the basis of 4/ cations
- I k -  - 1.683 3L.674 1.928 ‘1.848 1.937 1.938 ' 1.843
- .317 .326 .072' .152 .063 ' .062 4 , .157
.014 .009 * .009 .0& '.014 .012 .010
/T i  *i: .109 .113 .032 .051 .040 *.032 .043
Cr .003 .003 .017 .008 ' ‘ .006 .« :oi2 1 :022
fte2+ .258 .256 .162 *.178 .18-3 .168 .178
J&. ■ .010 ' .009 ' *.003 .005 .004 .004 .003
Mg * .655 .649 .884 .821 .824 .880 .840
.916 .926 / .877 ..^874 .864 .859 .875
Na ** .033 .035 .016 .050 .065 .033 - .029
« . .000 .000
.000f* .001 .000
ii -
, .000
• < *. * ♦ j
' I» **
• * • * 
t 4
. ' 5 2 8  '
■wyV.
TABIE 3 continued
Location E E E ' - E
Sairple Th-UBl* Th-UBl* Th-UBl* Th-UBl*’
Analysis 41 5 1 core 1 rim
Si02 49.22 49.14 50.26 51.65
Ti02 2.16 1.86 1.54 1.04
^2°3 4.35 4.46 3.81 2,03
FeO
- .62 
,5.81 '
.84
5,80
.96
6.24
.29
6.18
MgO 15.40 15.05 ‘ 15.49 • 15.52
MnO .13 .12 J > . 1 4
© .
.11
CaO 22.12 22.13 22.01 22.30
Na20 .57 ,64o .50 .49
K-0 • -07 .01 .00 ,  0^0
Total' 100.27 100.19 \L00.95 99.61
Nunfeer o f ions oa.-the basis of 4 cations
Si 1.807 1.806 1.834 1.908
AlIV. , ' .188 .194' .163 .088
■ M?1 .000. ■
y
Ti .060 .051 ■ .042 .029
• . Cr. .018 .024 . .028 .008
Fe2+ ' .178 .178 . . .190 .191
Mn >,.004 .004 .004 ' .003
Mg .832 .825 ..842 ■ .854
Ca .870- .872 .860 , .883
Na ; , .041 . .046 .035 . .035
K .003 . .000 .000' i* . .000
s2 -
I
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TABLE 4. Upper, Mafic Lavas
Location oCM 20 ■ 22 ' 22 \ 22* ** • 22 . 22 - ^
Sample 538-5 538-5 538—14 . 538-14 538-14 . 538-14 538-14
Analysis 1 2 ' - - 1 2 core 2 rim i 3. core 3- int.zone
sio2 . 44.22 45.37 ' 46.59 45.41 '42.39- 44'. 95 43.62
TiQ2* 4.'85 3.51 2.82 , 3.57 -- 6t04 3.87 5.07' - —?
a i2o3. 8.21 7.24' 6;4'2-. 7.20 9.80 * a.01 8.88
Cr20' ^
EfeO
MgO
.06 
8.05 
11.22 ,
.16
7.02
12.21
.44
6.69'*'
12.67,
".24 ' 
' '"6.83-:., 
12.67
' .05 
. 8.27 
10.91
.20
6.90
.08 
7.79 *
■ ii.:l5 .v .
MnO * .34 : ,23 .12 .20 •;J*'' *23. ■. ll9  ' ’ ; :21
CaO 22.41 22^18 ' 22.83 22.71 22.20 22.32" ‘ 22.28
tfeO .65 *'’ .51' ■‘ *,59' ■ - ‘*52 .80 - • ';:47 •.,,63
V > J  ~ - 0 0 '
.01 .00 . .00 . .00.’ " , ‘.'62 ; Too •
Total 1 0 0 .oi 98.44 99.17 99.33 _ 100.69 99 .’34 ; '99.71*
o 1 .
Ntnfcer o'f ions on the basis of 4 cations'
Si 1.659 1.717 1.745 *1.700 1.581 1.684 1.-640-
Al^V .341 .293 - .255 ' .300 .419 •
' ’ C? <
.316 .360
A l^ ..022 -. ,.040 .028 .017 ■ .oi2 .038 .034
Ti .137  ^ .100 .079 .100*#  .169 ' *109 .143,.
Cr . - . 0 0 2 ..,005 .013 .007 .001 .006 .002 <
Fe2+ •i253 .222 • *210 .213 .258 .216-- .245
Mn . .011, .007 .004 .006 .007 .006 .007'
Mg ' .627 .& 9 .707 ' .707 .607 .693 .625
Ca .901 .899 .916 .911 .887 .896 '.898
Na. rt, .047 ,.037 .043 ;038 .058 " ■ .034. .046
K •( .000 .000 .000 .000 .000 .001 .000
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TABIE 4 continued
liscaticn -22- ' 22- 22 -22
SanpLe . 535-14 . ‘538-14 . 538-14’ 538-14 
itoalysis 3 adm ’4 -1^ 5 ’ 6 •
Si02
‘^ ° 2
' > %
* ^r2°3 
- FeO1
" MgO
. .. MaP
. CaO
. S °  ■
•Total
41.14
6.87
10.68
.02
8.27
49.04 v
•2.29
v
4.50
.02'
.7.36
10,.40 - 14.24 ' 
,/26 ' .20 .
22.13 - 22,53.* i
.67 .4&,/
-r‘ .02 .00
43.40 ; 
> .1 4  
8.60 
.01 
■7.95 
11.12 
.23 
22.36
. .68 ,
, • i
' .00-
45.56, t 
4; 36 . 
. 6.84 
.03 
9.25 «v. *
10.96." 
.22 \ 
22.59 
.77 
‘ ’-.01
~ r' ** a
;lQp.46- l00>61 99,50.’ 100*. 59 .
H * '• '
** % *• J .
Niirber’ of, icxis cj\  the basis o f 4 cations
.
Si ’ ’■'** ii544:‘ .1:506 • 1.636 "
• >;456' .. .184 . *: ■ , 364 t
• - . *• ■ _ v -
,-Ai^
- •'4 ‘ VT ' ' *
Al J ' * . "  i.Q16 .'001.
> l9 4 .p  ,i .*063
- cr. : ' ^ o oi> c'“.ooi
• ; .^ 2 + ^ - •. -.260* ' ,227
: Mn • . 1008" - .006
Mg .582' .782
Ca -  ’ .89,0 . .889
Na. ;049 .031.
K , .001 .000
‘ S
>.018 
*146 
.000 
.251 
.007 
.625 
.903 
.050 
' .000
i;705 •
:295^  ^ « '
• .007 ' 
.123 
.001 
.289 
.007 
.611 
1906 
.056 
.000
I
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TAfeBE 5, Intermediate Rocks
* , location 
Sanple 
Analysis
7
477-5
-1
3$
550-16'
i
39 \  
550-16 
2
39 
\  550-16
\  .3
39 ‘ 
550-16 
4 <•
*  39 
550-16 
5 . ,
38 
550-29 
1 .
■ ' sio2 50.0-7' 51.71 51.91 51.98 51.91- 51.77 51/92
Ti02 .
‘ *h°3
PeO
.68
4.20
7.94
.40
.02 ' 
11.70
.,25
1.06
.09-
11.34-
' * > 41 
1.49-
- .07
11.95
.30
1.06
.05
13.17
.27
.98
.ri4
12.75
.32
•2.28
.26
6.64
MgO 15.67 . 12.92 13.12 * 12.91 -.12.69 13.09 16.20 *
• MnO .17 .32 .26 .29 ‘.38 ’ .39 .14
CaO 21.08 20.23 20.36 20.25 19.70 19.68 20.92
Na2o' ; *3 5 « 3^0 , ' .26 .35 .30 .33 .30
, • *2° \ .09 .02 .01 .00 .00 .01 .00
Total ' 100.51 .98.56 98.66 99.70 99.57 . 99.41 98.98
i
Si
A iiy
Nurrber o f icnst _
1.836 1.975 
.164 .025
on the basis of 4, caticns 
■ 4
■ 1.977 1.962 . 1-.971
.023 ' .038- .029-»
1.963
.037
1.925
.075
A l^  ■
Ti
Cr
Jfe2+
*  Mn -
Ca , . 
Na - - 
K
.017.
- .019 .
.244
.005.
.856
A .828
.025 • 
.006'
.017 
.011 
.001 
.37 4 
.010 
.736 
.828 
- .022 
.001 i
.025 
.007 
.003 
.361 
.008 
’ .745 
.831 
‘ .019 
.000>
. .029 
.012 
.002 
.377 , 
.009 
.726 
.819 
.026 
.000
.018
.'009
.002
.418
.012
.718
.801
.022
..000
.007 
.008 
v.004 
.404 
.013 
' .740 
.800 
.024 
. .000 
U 'V —
.025 
.009 
.008 
.206 
- .004 
-.895 
.831 
.022 
.000
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5 3 2
i
' ^
r TABLE 5 ccntinued
location
Sanple
Analysis
38
^^0-29
. 38 
■550-29 .
3
38
550-29
4
39 
- 550-32 
1
39
550-32
2
39
550-32
3
39
'550-32 ■ 
4
sio2 51.9,9 51.91 51.87 51.24 51.92 51.20 51.63
Ti02 .28^ .41 .33 .21 .20 .41 .45
M 2°3 1.24 \ 1.31 .87 .88 1.37 1.42
CC2t3PeO
‘ .08 
12.64
\ .06
V i .  95
.02
11.63
.00
17.50
.01
16.54
.07 
- 14.62
.06
13.57
MgO
MnO
12*69
.31
12.76*
\41
12.89
.27
9.71
.48
10.30
.48
11.74
.43
^11.86 
■ :33
Cat) 20.01 18.^5 20.27 19.07 19.84 . 19’. 72 20.10*
Na2° . .20 .25, .32 .33 .31" . .18, .18
¥ .00 .00 .00 .03 - - ,.03 .01 .00
Total * 99.45 99.49 98.76 99.45 ioo.si 99 .-75 99.60
•
• Nuirber of ions on the basis of« 4 cations
,
Si
AlIV
1.975
.025
1.976
.024
1.976
.024
1.989* 
. .011
1.985 
‘ - .0 1 5
1.955
.045.
1.969
.031
Al71
Ti
Cr
Pe2+
Mn
Mg
Ca
Na
K
.030 
.008 
.002 
.402 
.010 
.719 
' .£14 
.015 
.000
.035
.012
.002
.444
.013
.724*'
.752
.018
.000
' .027 
.009 
.001 
,3.71 
.009 
- .732 
.827 
.024 
.000
:029 
.006 
.000 
. .568 
.016 
.562 
.793 
.025
.0010
.025 
.006 
.000 
a 529 
' .016 
.587 
.813 
.023 
sOOl
.017 
.012 
.002 
.467 
.014 
• .668 
.807 
.013 
.000
.033 
c .013 
.002 
.433 
■ .011 
.674 
#  .821 
■ ^  .013 
* .000
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 5 continued
Location
Sample
Analysis
39
550-32
5V
39
550-32
6
39
550-32
7
39
550-32
8
39
550-32
9
39 
550-32 
10 -
39
550-32’
11
Si02 51.56 51.79 52.73 53.31' 53.06 52.46 53.18
TiO,* z .,43 *2fe ' .19 .16 .24 .23 •27
W2°3 1.23 1.38 ' ’ .78 2.00 2.33 2.15 1.65
Cr-CL 2. 3 * .04 .01 .00 .16 .23 .26 .05
FeO 13.67 J.2.12 ■ 12.48 v. 5.60 - , 5.46 5.35 8.17
MgO 12.11 - 12.87 12.90 16,50” 16.56 16.36 15'. 34
MnO .41 .30 .31 -.17 .11 .11 . .23
CaO 19.42 20.42*' 20.55 21.89 21.52 22.05 20.98
Na20 .24 .21 .25 .24 .32
5
.17 .14
h °
.02 .00
i
.00 '
i
.01 ■ .01 .00 .01
Total 99.12 99.49 100.21 100.03 99.84 99.64 100.00
Nuirber 6 f ions on the basis of 4 cationst
Si 1.974 1.962 1.986 1.952 1.944 1.938 1.969
Al17 .026 ' ‘ .038 .014 -.048 .056 .062 '  .031
Al71 .029 .024 .020 .038 .044 .032 *• .041
T i -.012 .011 .005 .004 .007 .006 .008
Cr .001 .000 • .000 .005 .017 .008 .001
Fe2+ .438 ' .384 .393 .171 .167 .165 .253
Mn *013 " .010 .010 .005 .003 .003 .007
Mg .691 .727 .724 .900 .904 .901 .847
Ca .797 .829 .829 .859 .845 .873 ’ .832
Na .018 .015 .018 .017 .023 ' .012 .010
K .001 .000f, • ,000 .000 ,000^ .000 .000
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TABLE 5 continued
location
Sanple
Analysis
-47
559-30 - 
1
47
559-20
2
47 , 
559-20 
■3
47
559-20
4
47
559-20
5
47
559-20
6
47
559-20-
7
Si°2 ' 51.04 . 51.65 51.55 51.86 51.63 51.26 51.80
Ti02 .76 .57 .68 .32 .26 .38 .33
M 2°3 3.41 ■ 2.39 2.38 1.39 1.42 1.44 ‘ 1.80
Cr20 .65 .34 .23 .20 .23 .12. .17
FeO 7.74 7.71q 8.48 9.91 10.14 10.46 10.55
MgO 16.10 15.68 15.92 14.12 14.06 14.04- 14.01
MnO .29 .23 .29' .34 .28 ‘ .27 .28
CaO 20.40 20,21 19.97 21.32 20.32 20.99 20.76
Na20 .17 .19 .16 .21 .29 .26 .15
K2° ".00' .00 .01 .00 .00 ,01 .00
TtJtal 100.554 98.96' 99.67 • 99.67 . 99.54 99.11 99.44 *
Nunfcer of ions on the basis o f 4 cations
Si 1.872 1.927 . 1.912 ' 1.943 1.934 1.930 ;1.949"
AlJV .128 .073 .088 .057 .063 .064 .051.
Al71 .020 V0 32 ,.016 .004 - .011
Ti .021 .016 ■ ;019 .009 . .007 .011 .009
Cr .019 .010 .007 V006 .007 .004 .0*05
Fe2+ . .237 .-241 .263 • .310 .318 .329 .332
Mn . .009 • .007 , .009 . on ,009 '.009 .009
Mg, .880- .872 .880 .788 .785 .788 ■ .786
Ca .802 .808 .794 .856 .856 .847 .837
Na VO 12 '.014 .012 .015 * .021 ' .019 .011
K \0 0 0 ' .000 f < .000 .000 .000 .0004
.000
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TABDE 5 continued
Location
Saiqple
Analysis
48
559-35
1
- 48
559-35
2
48
559-35
3-
48
559-35
4
48
559-35
5
48
559-35
6
48
559-35
7
sio2 53.09 • 51.70- 50.63 51.64 ■ 51.67 52.27 51.56
Ti02 .,39. .33 .59 .21 . !37 .28 .27
M 2°3 ‘ 1.14 , 1.57 ' -3.09 , 1.63 1.86 • 1.17 1.42
Cr 0_ 2.3
FeO / k
-.14 .16 -.21 --— . 11« .14 .11 .07
9.39 9.65 7-. 73 10.33 - 10.36 10.48 10.69-
MgO 14.46 14.29 15.51 14.09 . 13.54, 14.05+ 14.13
MnO ' v .31 .18 .26 .26 .36 .27
CaO 21.75 21.67 21.50 21.44 ' 20.68 . 20.70 20.84 -
Na20 .22 .16 .27 .25 * * 17 •15 * .17 .
h * "
.00 ' .■00- .00 .00 .00 .00 .or
Total 100.81 99.85 100.90 100.01 99.06 99.57 ,
V
99.41
Nunfoer of ions on the basis o f 4 cations
% «
Si 1.963 1.931 1.872 1.927 *1 .9 5 3 1.965 1.938
AlW .037 .069 .128 .072 .047 .035 .06^.
AL* ' . ,.013 .000 .007- .036 .016 .001
Ti ■ .011 :oo9 .016 .008 .011 .008 .008
Cr .004 .005 .006 .003 .004 .003 .002
Fe2+ .290 .301 .239- ' .322 . '.328 .329 .336
Mn .007 .010 .006 . .008 .008 .011 .009 *• t
Mg .797 .796 • .855 - .184 .763 .787 .792
Ca \862 .867 * .852 • 0 .857 .838 .834 . ..839
Na .016 .012 .019 • -#>18 .012 .011 f.0l2
K , : • .000 .000*
0
.000 
~ma4—
‘ oOOt) r .000> . * .000> • .000
V
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TABLE 5 continued , , ”
V * « • ■ ' v ' •V
— —    ^ «
Location 48 „ 48 . 48' 48 ■ 48 48. 753
Sanple 559-35 559-35* 55 9 -3 5 5 5 9 -3 7 *. .559-37 559-37 567-66
Analysis 8 . 9- ' * 10 • > }. ' ’ 2 3 1 • "
SiO 52.23 51.68 51.59 51.49 50\91 51.12. 51.21
• Ti02 . . .27 ..6 4 *’ .70 £.41 •?9 .41 ■' *63
A12° 3 1.04 t* 2.21 ' 2.34 -• 1.25’ 2.04 1.19 2.51
S a 2°3 .08 .44 i.30 ■ -00 , .00 .04 .14„ ^ LFeO 10.48 8 .6 i ; 8.57 13.64•\ v , 13.80  ^ 14.Q0 6.45
MgO 13.(j4 . 15.08 15.70- , 13.22 13 via ■12^ 90 15.82
MnO .31 .34 .30 *36 .38 .39 ^ 2 0
CaO c " 20.97 21.55 ■ 21.19 19.72 *1 19.12 : 18.99 21.83
Na2& .26 .27 ♦ „ *26 .29
• «
.17 ‘ 21 .33
y > . .00 .00 .00.
' r 1 '
.00’ ' .00 ^ .. ■ ' .00
* Total * 99.28*
*
100.81
ft
100.95 100.39 99.95 ' 99.25 99.14
- Nurtberpof ions qn the
4
basisjof 4 cations*
Si , 1.970 1^891 , 1.902 1.936 1.924 1.950 1.898 ,
Al*Y , .030 .101 .096 4 .055 .076 '.050 •102 .
. a ? . '
T ii >
^016
i0Q8 .019 ~ .018 ' ; .012
' .015 , 
) .011
.003 
.012 '
.008 ' 
„ .018
Cr ‘ .002 .'009 .013 . 1 .000 .000 ■ ; .001 .004
Pe2+ . * .331 .263 .265 >v *429 .436 .447' * .200 *
' ,Mn . .010 .009 .011 ' .011 .012 .013 , .006 
J .874 ,‘ffa .767 .858- ' .827 .741 .740 .733 •
» Ca ' - .847 .832 .850 .794 * .774 .116 . .867
c Na ' . : .019. - 1 .018 .019 .821 ■ .012 .016 ,  .024
K «■ .000 « .000 $00 - .000 .000 Y * - .000 9 .000
«»
i mt
«
" y '
f r'
0 1 ‘ V
1
&
j 4
/*:■
j ** I t *
- >
«
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TABLE 5 continued
Location
Sample
Analysis
53
567-70
2
—----- - - — - - *
S102 • 52.48 *
Ti02 .37
A 2°S
1.62 ' N
Cr2?3 -v13* .t
FeO 7.11
MgO 15.91
MnO .11
CaO 20.73 j
Na2o :. .70 f *
> •
k 2o  ' .03 ■
Tckal 99.18 .
¥
Number of ions on the basis of 4 cations
Si ' 1.941
I
AlIV .059
Al71
\
.0 1 2 '
*
Ti . 0 1 0
Cr .004 n
Fe2+ . 2 2 0 ■
Mn .003 *
Mg ' .877
Ca .822
Na .050
N.
K . 0 0 1
■ ______i*.________  ^. ■— .... ----
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Table 4: Major (Weight %) and (Some) Trace (ppm) Element-
Compositions of Pulo Formation Greenschists
Location ,No '6 6 19 19 . 19 ^  44
Sample No ‘ PL-2 PL-3 53L-5 ' 531-28 531-29 551-50
Si°2 48.46 ■ 51.94 46.14 48.20 48.52 48.40
Ti00 1.72 1.28 1.61 1.64 1:28 1.27
Al2°3 13.98 15.31 14.87 15.03 14.33 14.*87
Fe2°3 3.04 3.43
-
FeO • /• ; 7.40 6.80
Fe °3+ 12.17 j 9.65
)
10.03 9.90
MgO 6.94 7.09 7.81 6.98 7.66 6.70
CaO 11^42 8.04 13.90 11.90 13*05 12.70
Na.O 2.19 4.05 2.24 2.13 1.80 2.33
k20 .09 ND \ .12 .09 NO ND
P2°5 .10
.07 .08 .12 .07 • .07
MnO .21 .16 :18 - - -
L.O.I. 3.04 2.75 2.82 2.91 - -
Total 99.10 99.17 100.21 99.32
V - 310 400 - _ -
Cr . 215 276 266 313 - 337 373
Co 61 60 47 48 53 45
Ni 61 98 83 85 101 110
Rb 5 ND 2 3 5 3
Sr 188 96 167 . 178 77 126
Ba 6 4 ND 12 1 ND
Sc 42 34 40 - - —
Y 43 26 37 41 24 25
Zr 98- 60 85 103 63 66
Nb 4 4 2 3 6 2 2
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Table 5: Major (Weight %) and (Some) Trace (ppm) Element Compositions of Iberian Pyrite
Belt Intermediate Rocks. A: Northern Group.
location No 8 *18 37 39 39 40 38 38 39 . 39
Sarrqple No . , 477-11 531-1 549-24t 550-14 •' 550-16 550-17 550-29 550-30 550-32 550-42
Si02 ~ 53.60, *. 61.12 54.27
*
57.25 59.30 63.30 61.32 61.80 62.15 . 61.43
Ti02 .82 .82 .83 .90 ‘ 1.06 .70 .95 .81 .82 1.02
17 .'86 17.58 18.89 17.84 16.25 12.84 15.80 17.94 , 16.62 15.48
Fe2°3 2.18 1.66 1.01 2.80 1.45 2.74 1.97 1.83
FeO ' 4.22 4.59 5.03 4.84 4.62 2.69 3.23 ‘ 2.69
Fe2°3+
• - A - 6.32 X 7.13t
MgO 4.31 1.91 3.31 3.71 3.16 2.61 2.86 3.26 2.63 2.93
VaO o 4.62 4.20 6.85 • 5.28 ‘ 5^12 5.78 4.09 4.45 6.01 . 4.79
Na20 6.17 3.45 3.64 - 3.18 4.08 5.60 3.40 3.11 ‘ 2.83" 2.43
V
.24 .94 1.83 1.83 1.25 2.17 1.45 1.39 1.72 1.68
P2°5 .23 .17 .18 .17 .20 .14 • 11 .17 .50 .10
MnO .12 .07 - .10 ' .08 .05 .04 .09 .05 .06 ..13
L.O.I. 5.33 3.13 3.64 2.45 3.25 1.64 2.32 2.06
Total 99.70 • 99.64 99.68 100.33 ' 99.88 100.25 100.34 99.75
V 165 - - 200 200 - * 150 ‘ 155 -
Cr 118' 15 118 20 49 11 65 83 85 32 /
Co 19 • 18 18 18 19 9 60 13 11 ' 6T
Ni
O
20 ND 10 ND ND ND ND 4 5 ND *
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Table 5 (A) continued
5 5
location No „ 
Sample No
28
4050
48
'4071
E
28A
E
36A
E
’ 37B
E
41A
Si02 59.22 60.60 59.59 57.64
■>
57.21 55.67
Ti02 .93 .73. . *95 .70 .89 .89
*¥>3
Fe2°3
FeO
14.68 16.94 15.98 15.62 •16.17 15.65
^  F62°3+ 6.90 7.01
7.47 7.21 8.21 7.46
t-igO 4.75 1.33 3,39 6.59 4.75 6.08
CaO 5.29 3.27 4.45 3.30 6.12 5.69
Na2° 2.20 3.52 4.57'
2.85 3.36 3.41
K_0 ' 1.77 2.18 .05 .86 ND .90
. . * *  ■
.08 .14 .07 .10 .11 .10
MnO .14 .12 .10 .15 ' .12
OCN
L.0.1. - 
Total -
/
/ _
V - - - -
* y
-
Cr 195 *— 13 35 189 93 177
Oo * i 85 55 45 41 - 59
Ni 25 ND 20 10 32
Bb 37 63 3 22 • ND 30
Sr 224 160 486 74 249 266
Ba 370 205 - 78 417 220
Y " 27 32 29 23 25 28
. Zr 146 .*158 137 116 117 125
Nb ' 8 7 6 6 4 3
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Table 5 B:• Southern Group
557
Location No 46 46 46 46 46
Sample No 556-50 556-51 556-52 556-53 556-54
Si02 57.99 * 56.14 54.44 59.13e 59.89
Ti°2 .75 .78 .79 ' .80 .73
Al2°3'
17.77 17.84 18.86 17.26 17.36
Fe2°3
FeO
Fe 0 + 5.43 5.83 5.44 6.59 5.26
MgO 3.21 4.69 3.62 5.23 3.67
CaO 1.98 2.97 2.88 .37 1.54
Na20 y*. 7.68 5.83 6.07 5.19 6.43
K 0 .27 .24 1.56 .01 * .37
V *  . ^
.16 \ .15 .12 .11 .09
MnO .06 .07 .10 .05 • .07
L.0.1. - - - _ — —
i
Total
V - - v ■ - • -
Cr 50 52 44 53 37
Co ", 62 30 24 45 35
Ni 8 15 7 *9 20
Rb 10 7 43- 1 12
Sr 349 236 ■ 239 239 427
Ba 42 ‘ 24 139 . 6 69
Y 18 19 15 17 14
Zr 96 96 113 95 106
Nb 5 6 4 -
5 5
■ -------------------
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'Table- 5 B continued
5 5 8
Location No 
Sample No
46
** 556-56
51
564-5
51
564-6
51
564-9
51
564-10
SiOp 56.81 .* 58.01 60.92 57.73 57.25
TiO, .81 .72 .72 .72 .75
R12°3
17.72 ' 20.40 18.89 19.08 - 18.89
Fe203 1.69 1.05 -2.14 .87
FeO
Fe2°3+
MgO
5.58
3.63 3.59 3.23 4.62
J5.20 2.32 3.26 3.36 3.56
CaO 2.51 3.97 1.33 4.83 6.05
Na20
K2°
5.87 4.31 6 .‘f4 4.18- 4.45
.01 1.56 .67 1.13\
.15
.29
P2°5
MnO
.09 .12 .10 .15
.06 .07 .04 .08, .08
L.O.I. - 3.67 -2.98 3.60 3.55
Total ■ 100.47 99.85 100.22 100.41
V - 120 100 100 135
Cr 57 42 38 64 67 A
Co 37 14 17 15 18
Ni 14 5 ■ 10 8 9
Rb ND 33 10 25 9
Sr 274 483 375 516' 542
Ba *■' 8 206 96
188 99
y 18 18 14 15 15
Zr 101 . 111 ' 102 119 118
Nb 4 . 10 8 4 4
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Table 5 B continued
55 9
Location No 53 53 53 53 57
Sample No
#
567-36 ■567-42 567-66 ' 567-70 567-73^
SiO. 60.02 54.61 62.52 59.44 54.13
Ti02 .65 .61 .59 .58 .65
A1203 - 16.62 16.62 15.67 16.74 18.32
.88 1.78 , i:il 1.04
FeO 3.2-3 3.09 r 3.15 4.04
^®2°3
4:93
MgO 3.60 3.67 . 4.13 4.26 ' 6.19
CaO 5.95 6.46 4.10 4.04 6.53 •
Na2° 4.31 4.84 4.71 • 4.57 3.10
K?0 .99 1.47 .47, * 1.36 .72
*2°5
.17 .13 .07 ' ao ' .12
MnO * .‘06 .08 .07 1 “ / .07
L.O.I. 3 .'27 7.12 • - , 5.37
Total 99.75 100.48 99.JS8 100.28
V 100 115 - 135
Cr 66 46 59 52 . - ' 108
Co 15 ■ * 12 49 39 34
Ni 53.. ; 39 46' 44 81
Rb 9 ■ 20 3' 14' 19.
Sr ■
\
442 501 552 '569 742'
Ba 149 220 103 242 . 97
Y 15 15* 15 15 13
Zr 111 ■ ' 105 102 . 102 125
Nb 7 10 11 10 5
t. •>
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Table 7: REE Abbundances (.ppm) in Iberian Pyrite Belt
Volcanic Rocks
A. LOWEJ1 MAFIC LAVAS
Sample No E-16 E-16A E-17 E-23C
la 20.3 9.73 17.3 13.2
Ce 43.7 20.7 34.4 27.1
Nd 29.5 15.1 23.6 18.5
an ■ . 7.53. #•21 6.02 4.70
Eu 2.25 1.38 1.96 1.49
Gd 8.44 4.89 6.62 5.06
Tb 1.54 • 85 1.13 .91
Yb 4.23 2.65 3.03 2.59
B. GROUP„ 1 DOLERITE ROCKS
,V *
5 ?  0
Sample No 507-3 507-5 507-18 540-12 551-26 gA3-5
La - 9.28 11.5 1 4.46 18.4 27.8‘ 16.9
Ce 19.1 23.9 9.59 37.0 56.5 40.2
Nd 13.5 15.1 6.41 24.7 35.8 27.9
Sm 1 3.33 3.85 1.85 6.28 8.99 7.89
Eu .99 1.07 .98 1.75 .2.27 2.66
Gd 3.52 3.78 2.15 6.82 9.31 10.0
lb .59 .63 .38 1.24 * 1.69 1.81
Yb 1.97 2.18 1.26 3.88 4.76 5.51
Sample No 567-39 567-44 567-52 E-19 E-20A E-35
La 19.4 3.10 11.0 14.1 23.3 9.05
Ce 38.7 8.18 21.6 31.4 47.7 19.2**
Nd 23.5 6.49 12.9 21*. 7 32.3 12.5
Sm 5.77 2.22 3.37 5 i.57 8.19 3.25
Eu 1.86 .65 1.21 1.50 2.15 1.07
Gd — 3.00 3.80 5.97 8.61 3.87
lb .98 .50 .67 2.17\ 1.56 .70
Yb 2.39 3.07 2.21 3.26 \ 4.09 2.03
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*ISble 7 continued
C. GROUP 2 DOLERITIC :ROCKS
Sample No 518-6 ' 538-16 E31 E-34
la 15.2 ■ 21.8 13.4 13.2
Oe 29.0 41.3 26.5 25.4
Nd 16.8 23.9 16.3 14.7
sm 4.00 5.59 4.02 3.47
Eu 1.30 1.85 1.27 1.13
Gd 3.91 5.90 4.44 3.37
lb • .86 .77 .59
Yb 1.55 1.91 2.06 1.35
D: GROUP 3 DOLERITIC ROCKS
Sample No 495-2 506-8 • 538-30
La 43.7 38.8 79.2
Ce 75.8 66.1 161.3
Nd 35.7 30.7 , 92.6
Sm 6.81 5.83 17.5
Eu 1.91 1.56 4.95
Gd 5.72 4.95 15.1
lb .90 .72 1.94
Yb 1.97 1.35 2.43
5 7 1
U P P E R  M A F IC  LA VA S
Sample No 538-5 538-9
La '45.5 28.3
Ce . 84.6 50.1
Nd 40.9 24.8
sm .# 7.42 5.23
Eu 2.14 1.61
Gd 6.19 4.69
lb 1.01 .75
Yb 2.03 1.41
538-14
38.1
69.2 
35.7
6.99
2.02
6.15
.99
2.09
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Table 7 continued
E : IN T E R M E D IA T E  ROCKS
5 7 2
Sanple No 556-54 559-20 559-26 559-32 559-35 567-73
La 12.7 27.6 24.8 16.3 20.3 17.7
Ce 26.8 54.7 47.2 33.6 40.7 38.2
Nd 14.4 . 28.1 25.0 17.8 22.0 19.6
Sm 2.84 6.17 5.51 4.17 4.88 4.05
Eu ill 1.63 1.39 1.12 . 1.29 1.01
Gd 2.65 6.08 6,16 4.38 4.55 3.16
Tb ".45 1.16 .96 .74 .85 .50
Yb. 1.20 3.89 , 3.50 3.68 3.41 1.01
- F: F-ELSIC ROCKS
Sanple No 550-50 559-111 559-116 Bb*2. 4086 E-24D 544-10 544.1]
La 37.2 22.8 48.2 17.8 6.69 32.0 1.21 2.67
Ce^ 74.7 48.9 98.4 36.8 • 8.02 63.2 3.24 15.0
Nd 37.9 26.3 45.5 18.3 9.47 25.4 1.36 3.50
Sm 7.74 6.40 8.76 5.04 2.55 5.02 .94 2.17
EU 1.06 .48 1.62 ' .32 .15 .97 .01 .02
Gd 7.06 6.32 7.32 5.11 3.39-5^ 5.09 1.86 4;50
Tb 1.19 1.17 1.27 .90 •TffigF .52 1.46
Yb 4.29 3..90 4.09 4.90 7*06 2.91 3.37 12.95
Sanple No 544-16 544-18 544-21 544-25 544-26
La 52.9 40.4 39.9 10.4 49.6
Ce 121.2 82.6 88.7- 20.1 95.5
Nd 65.6 42.9 40.8 13.4 44.0
Sm 17.0 11.3 9.30 5.60 9.74
Eu 1.05 .65 .28 .37 .41
Gd 19.3 13.7 9.81 9.42 10.4
Tb 3.7 2.87 2.25 ,2.44 '2.14
Yb 14.1 12.2 12.01 10.01 12.6
1
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TABLE 1 Representative Analyses of Chlorites^^
Sample No' 547-34.- 547-34 548-22 548-22 559-104 559-104
•Analyses No 1- , 2  1 2 - 1  . \ 2
. t
■ \a
Si° 2
Ti00
Al2°3
:
•MgO 
^ - 
CaO ^
"Total
28.00 
• .00 
'18.91‘i,
• • O'O,;, 
,20.”45 '
■ y l 2 :'
2 0 .31 •
- .-51 
7(34 .
00 7
28.20
• 10** ■
1.8 .89 ■ 
. .00
'26.84 
.00 
18.52 
: o o
19792- 23.59
’ •« *5 V.
. .45
21'.'03 t 17 . 71 
.78; ;:-04;
. 7i4
•27.34
•:6o'
• 18.35'
i
■ .00 
.21.7 8
.31
.21-48* %
•*•■04.
.11-
*
. ■ '. 00- •
-27.95*
.00
. -1'6 . - 
.Q0 .02 '
** t > ' v 4 f y 7 ■
*88-34*... 8-9-15 ' ' 87.34,, 8.6.,40 •' 8-6,3.9
'  v * .  ^
Numbep of iops- on .the basis of .280- .’
5i702 • '5.683 
2.298 2.3.17
1,644 ' ‘5,735‘ 
"24'3.56 ’ 2.’265
2.240
Y ooo  
./000
2.169 
.000 
.000 
8.483 '2.257
6.165 ,673.17'
.021' -032
•..ill, . ..16,8
.016'' ,..055
’.000. -000
.2.23.4'-.. 2.270 , .2.426
. ,0'b.O ' ' .000 ’ .000
;000r - ;.ooo ?••• '.0.00
4.149 3.768' 3,083“
,.5'.-551 s 5.8-71. 6.031
\ .080 . .055■ .,150
' * . 009 • ;009 -7.053-
..065 *045 - *.028
.00.5- .001 . .008
29.45
18.09 19.15
-00
17.95. ,19.49 •
-'19..70 19.09
•■86.74.
2.446
.•000
\ 3.37:0
, .5.884
.009
6’. 04 8f 
1.95.2
(*J = Sample^ 1907 -SD, . . " ' , -1
(* *•)=. .S '-2:-. Tuffite 'Above Massive Sulphide at Rio Tin to 
‘ Mines; CC-.2; CG-5: Stockwork' Ore, -Cerro Colorado.
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i
Sample No 
Analyses No
4061*
1
E
18C
1
**
S-2\
1 ,
S-2
2
S-2
3
* *
CC-2
1
Si°2 31.71 27 .79 26.00. 26.23 27.14 26.25
Ti02 .00 .02 .07 .05 .01 ' .-00
A12°3 16.96 19.16 20.05 19.43 20.74 2112 4
Cr2°3 .00 .00 .00 .00 .01 .02
FeO 9.01 15.50 30.64 29.76 27.50 26.58
MnO ; 07 .26 1.47 2.50 4.15 .29
MgO-i 27.72. 22.77 9.68 9.07 8.32 12.69
CaO v. 24 .17 .04 .03 .00 .03
Na20 " ' .04 .00 .00 .00 .00 .00
K2° ' ' , .04. .02 .04 .07 .01 .00
Total' 85.79 85.68 87.99 88.15 87.88 87.11
> ».Number'of ions'on the basis of :280
Si
A1
6^  2 2 5 
L/77.5t
*’ 5.688
i:‘ 2 \312
5.647
2.353
5.701
2.239
5.850
2.150
5.589
2.411
A1
Ti
.
Fe .
M g  ■■ ' . 
Mn 
Ca 
'Na ’
2! 1-4 8
" v ; . .  000
* „ o o o
1:479 
' 8.11.0 
■- . o i $
.. 0‘50 
.015" 
:010
■; .,2.'30 9 
..003' 
•• .OtfOT 
2^653 
&,94'6 
. ;04 5 
• ‘..037
.* .6‘05'i ,*
. 2.778 
/  .011 
V  .000
5.565
3r-l34
.270
.009
1'.000
.011 £ »
2.789
.008
. 0 0 0
5.466
2.969
.465
.007
. 0 0 0
.020
3.118
.002
.002
4.957
2.673
.758
. 0 0 0
. 0 0 0
.003
2.919
. 0 0 0
.003
4.773
4.027
.052'
.007
. 0 0 0
. 0 0 0
-- ?/ »'*■* . '• -V * \ * ,
V '
<• .. ‘*\- 
, »*■
>1
t*
i .
'
**• *«
-
A
* -
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TABLE 1 continued
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Sample No 
Analyses No
CC-5
1
CC-5
2
**
S-15
1
***
Mn3
1
Mn3 
2 -
Mn3
3
sio2 26.45 26.21 25.38 27.53 27.58 26 .03
Ti°2 .02 .00 . 07 .05 .05 .00
Al2°3 21.26 21.29 21.46 19.07 19.17 21.04
Cr2°3 .13 .07 .00 .16 .07 .00
FeO 28.82 29.41 33.16 17.27 17.78 19.42
MnO .28 .51 .33 10.71 9.68 9 .05
MgO 12.62 12.21 8.97 13.60 14.27 12 .16
CaO .00 .00 .00 .00 .00 .05
Na20 .02 .00 .00 .04 • .01 .24
k2o .05 .03 .00 .00 .00 .,00
Total 8&.62 89.74 89.37 88.42 88.61 87.99.
• Number of ions on the basis of 28: 0
Si 5.53,2 5.458 5.802 5.782„ 5.541
A1 ' 2.468 2.542 2.198 2.218 2.459
A1 2.772 2.897 2.537 2.518 2.819
Ti .003 . .012 ■ .008 .008 .000
Cr_ .021 .000 .027 .012 . 000-
Fe 5.041 5.965 3.044 3.117 3.457
Mg 3.934 2 . 8 7 5~x 4.272 ■4.459 3.849
Mn .050 .060 1.912 1.719 1:632
Ca .000 .000 .000 .000 .011
Na ‘ .003 .000 * .016 .004 .099 .
K .013
t
.000 .000 .000 .000
(**) ■ S-15: StOckwork 6re, Moinho (Aljustrel)
(***) Mn-Rich Chert, Cotfrela Das Ferrarias Mine (Castro Verde)
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TABLE 2 Representative Analyses of • Serpentine and Caryopilite
Sample No 
Analyses No
Tharsis
TH-UB1
* * *
Mn-1 • Mn-1
2
* **
Mn-5
1
Mn-5
2
■A A *
Mn-7
1
Si°2 42.88 ' " ' 39.46 36.16 35.75
>
33.47 ' 3 9.82
Ti°2 . 02 .00 loo .00 . 00 .00
Al2°3 1.59 2.22 ! 1.94 2.03 1.84 .32
Cr2?3 . 02 .00
- ; . .oo -.11 .06 .00
FeO 7 . 52 .35 1 .24 -‘1.00 .85 1.49
MnO .22 44.15 25.07 50.33 - 52:52 45.59
MgO ' ’ 36.62 .89 • .96 .64 .60 .38
CaO .05 .21 .20 .'07 .00 . 05
Na20 .00 .00 .,0 0 .00 .00 £ 1 .00
k 2° .00 .00 .00 .00 .00 .00
Total 88.92 87.38 87 .65 89.93 89.33 87.74
^ » 4
Associated withrhodonite, Near Mertola (South Portugal^ \  
Associated with Mn-Chert, Courela^das Ferrarias (Castro Verde) 
Associated with Mn-Chert, Ferragudo Mine (South Portugal)
00
cn
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TABLE 3 Representative Analyses of White Mica and Celadonite
Sample No 
Analyses No
507-1 
1 .
548-22
1
548-22
2
548-22
3
Si02 48.83 • 47 .02 , 46.03 46.63
T-i02 .28 ' .02 .07 , .!0
Al2°3 30.80 27.14 26.06 24.03 '
Cr203 .03 .05 .07 .07
+
FeO 4.20 7.04 8.41 9.46
MnO .05 .05 .05 .08
MgO 1.64 2.86 3.68 ' 4.24
CaO ■ .00 .00 .00 .00
Na20 .18 .00 .06 .04*
*2° 9.71 10.04 10.00 10.03-
Total 95.74 9#. 22 ■ 94.43' ‘ 94.68
Number of ions on the basis of 22 O
Si 6.513 6.517 6.437 6.548
A1 1.487 1 .483 1.563 1.452
A1 3% 353 2.950 , 2.731 2.524
Ti .028 .002 x .007 "r .007
Cr , .003 .005 ). 008 .008
Fe2 .468 , .816 ( .983 1.111
Mg .326 .591 Y  7.67 .887
Mn ■ .006 .006 .006 . .010
Ca •.000 .000 .000 .000
Na .047 .000 * .016 ; .on
K 1.652 1.775 1.784 . / 1 .796
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TABLE 3 continued —
Sample Nc 
Analyses
E
i 18C 
NO 1
E
7A
1
E , 
7A 
2
E
7A
3
\
Si02 49.42 56.61 55.82 54.75
Ti°2 .03 .04 .06 .08
Al2°3 24.35 8.35 9.33 9.61
Cr2°3
FeO
.00
5.86
.00
12.86
.00
12.92
.00
12.68
MnO .00 .01 .01 .06
MgO 3.86 7.14 7.67 . 7.73
CaO .44 ’ .00 .00 .00
Na2° .00 c ... 06 .04
.07
K2° 10.82 10.07 8.09'
8.53
Total 94.78 . 95.13 93.93 93.52
-Number of ions on the basis of 22 0
Si
A1
6.796
1.204
7.987 
.‘013 " •
7.889
,111
7.805
.195
A1
Ti
Cr2 +
Fe .
Mg
Mn
Ca
Na
K
2.743
.003
.000
.674
.791
.000
.065
.000
1.898
1.375
.004
.000
1.514
1.501
.001
.000
.016
1.812
1.442
.006
.000
1.527
1.616
.001
.000
.011
1.458
1.419 
-.009 
.002 
' • 1.512 
1.642 
.007. 
.000 
.019 
1.551
•
1
c
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TABLE 4 Representative Analyses of Feldspar Minerals.
Xs
Sample No 
Analyses No
583-16 
• 1
*547-34
1
547-34
2
GA3-5
1
GA3-5
2
GA3-5
3
Si62 68.61 68 ..65 68.16 68.34 66.31 66.07
M 2°3 18.79 19.11 19.40 20.17 ' 10.75 -- 20.79
CaO .15 .11 .22 .59 1.84 '2.37
Na2° 12.70 11.75 11.65 11.43 10.46 10.25
K20 .06 .05 .04 .09 . .13 .11
Total 100.31 99.68" 99.35 100.62 99.49 99.59
An Mole °/ .65 .51 1.03 2.76 8.79 11.26 ,
Ab ° 99.05 99.21 98.74 96.74 90.47 88.12
Or
i
.30 .28 .22 .50 .74 .63
Sample lio 548-22 548-22 548-22 548-22 548-22 550-16
Analyses No * 1 2 3 4 5 1
coexisting albite + K-feldspar
sio2 68.25 68.10 68.00 . 63.98 63.37 69.20
M 2°3 19.63 19.94 20.00 1
18.06 18.34 19.16
CaO .11 .19 .79 N.D. N.D. .49
Na-0 11.75 11.85 11.35 .20 .36 10.91
k20 .17 .13 .09 16.62 16.41 .18
Total 99.91**' 100.41 100.22 99.02 98.48 99.75
An Mole °/ .51 , 1.77 3?69 0 0 2.40,, o Ab 98.55 97.52 95.81 1.80 3.23 96.55
Or .94 .70 .50 98.20 96.77 1.05
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TABLE 4 continued
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Sample No 
Analyses No
551-26
1
/'/
551-26
2
551-26
3
551-7
1
551-7
2
551-7
3
Si02 ^ / 6^8^ 29 ’67.11 66.65' 66.46 65.25 62.60
A12°3 ' 19.63 19/59 21.63 21.29 21.66 22.84
CaO .47 1.10 2.120 1.66 3.16 4.89
Na20 11.63 10.99 10.59 11.05 10.02 8.89
*2°
.04 .04 .09 .12 .08 .05
Total 100.06 98.82 301.05 100.58 100.16 99.27
An Mole °/ 2.17 5.23 9.91 7.61 14.77 23.24
Ab ° 97.60 94.54 89.59 91.73 84.78 76.47
Or .23
A
.23 .50 .65 .45 .'28
*
Sample No 551-7 551-7 , 559-37 559-37 E-30D E-30D
Analyses No 4 5 1 2 1 2 . .
sio2 . 60.20 55.95 67 .‘64 67.23 67.24 65.48
A12°3 24.67 27.40 19.34 20.20 20.06 21.31
CaO 6.95 10.26 .48 .90 1.25 2.38
Na20 7.80 5.65 11.26 10.50 10.73 9.46
*2° .16 .10 .26 . .12 .14' ' .63
Total 99.78 99.27 98.98 98.95 99.42 99.27
An Mole °/ 32.69 49.80 2.27 4.49 6.00 11.75
Ab ° 66.41 49.62 96.79 94,79 93.20 84.54
Or .90 .58 1.46 4.49 6.00 3.70
\
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TABLE 4 continued
Sample No 
Analyses No
E-30D E-30D 
3A 4A 
-- bulk xls —
E-30D
3B
clear
” -- f.
E-30D
4B
halo adjacent to CaAl-silicate
*
sio2 65.32 62.59 68.05 68.52
M 2°3 21.00 23.11 20.02 19.82
CaO 2-17 4.13 1.20 .70
NaO 9.98 8.18 10.20 11.04
k2o .25 .45 .15 .12'
Total 98.69 98.15 99.62 100.19 f
An Mole °/ 10.57 21.21 6.05 3.36
Ab 87.98 76.03 93.05 95.95 '
Or 1.45 2.75 .90 .69
•*v>
/
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TABLE 5 Representative Analyses of Analcite
Sample No 
Analyses No
o
538-30 
' 1
538-30
2
538-30
3
538-30
4 0
si°2 55.03 55.81 • 56.14 57 .19
A12°3 , ’
2,2.96 22.23 21.72 20.56
CaO * '.0.6 .05 . 05 .09
Na2C '13.58 t 13.55 ” -13.43 12.74
k 2° .15 .08 G .10 .09
Total 91.78 91.72 91.45 90.67
Number of jlons on the basis of 6.5 0
Si 2 .012 2 .040 2. 056 2.102
A1 .988 .958’ .938 .891
•Ca .004 .002 . 002 .003
Na .965 ' .960 . 954 .908
K .008 .005 . 006 . 004
ui 
co
*
i f*£, /
• A : .
i.
. M
'--fiW .
-';V,L .<<5, »
?\v’-
-
I‘ y \ / '‘W
• «* VaW»' *>
Ktfr vV»v>^It -
f’t- ^ liL r
*wpi<i r w v M
■V
■h i #
5 9
c
\
TABLE 6 . Representative Analyses of Hydrothermal Epidotes
Sample No 507-3G 547-1 . , 547-1
¥
547-1
Rock Type Dolerite Dolerite Dolerite Dolerite
Analyses No 1 1 2 3
sio2
Ti° 2
Al2°3"
oCr^O^
Fe2°3‘ 
. MgO ■
MnO
CaO '
Na20
K2°
T6 tal
Si* 
A1IV 
, VIAl
Ti
Fe
Cr
Mg 
Mn 
Ca 
• Na 
K
+
38.23 \ 38 .22 38.98 3B'.p
, - .14 _/>' .25 .07 .05
26.27 27.44 * 28.46 29.15
.08s N.D.' .08 .01
9.' 13 T. 41 5.99 5'.*3 4
.07 .19 .03 .02
. H .03 ' .14 .10
• 24.11 23.73 24.04 23 .98
..15 .^J57 .00 ‘ .01
. 03 ** .00 .02 . .00
e 98.31 97 .35 98 .12
i
97.09
Number of ions on the basis of 12.5 O
* * 2.99 
.01
t
2.99
.01
<2-
3.02 ' 
. .00
3.00
.00
2.42 ' 
.01 
.54 
.01
. 2.53 
.01 ' 
.44 
.00.
2.60 
.00 
..35 -
. 01/ -
2.68
.00
.31
.00
.01 
• 01 . 
* 2.02 
' * . ..02 
,.oo
.02
.00
1.99
.01
.00
. Q 0 
.01 
2.00 ' 
.00 
. 00
.po 
• 0i 
2.00 
.00 
.00
&
«
, ■ .— *■
t
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TABLE 6 continued
>
0
4
9
*
Sample No E-3QD 35B 538-10 538-9
s Rock Type Dolarite Dolerite Vein Lava
Analyses ’No-* 1 1 1 1
* sio2 36.73 ‘ 37.8T 3.7181 ■ 36.91
► Ti02 ‘ ‘ /
.06 .06 .04 . .06
Al2°3 23.26 24.52 24.89 , 21.32
• . Cr2°3 ;00 ,00 .00
*
Fe2°3 13s. 37 12.14 12.07 15.37
MgO .29 .05* t . 05 .0*4
MnO .09 $  -03* .22 .23
- Cad 2 3.07 •' 23.65, 23.50 22.64
" o • Na2°-,
' .12 .00 , ‘."08 .09
- ' K2° ‘ ’ .oo '• .00 • .00 .00
Total 96". 99 9 8*. 2 6 . 98.44 •96.66
’ Number of ions on the basis of 12.5 O
i Si 2.96 .2.99. 2.97, 3.01
• A1IV . .04 .01 .03 .00
A1VI 2.17 1 2.27 -" 2-28 2.0,5
, -
T i  X '.00 :oo' .00 .00
Fe3 .81 .72 . ' .72 .94
Cr * - .00' .00 .00
Mg "1-0,3 - > .01 .01 .00
Mn .01* roo .01 .02
, Ca 1.99 / 2.00 1 .*99 1.97
. • Na .02 .00 . .01 .01
t ,K -00 .00 .00 ' .00
* 0
1
■
.
o
tr . * •
*** * * *
V,
• V
f - •
5 9 3
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TABLE 6 continued
59 4
Sample' No 548-22 E-13G RT-Ll E-18C.
Rock Type Lava LaVa , Lava Mafic Tuff
Analyses No 1 . 1 •1 1
tsio2 37'. 22' ’ 37,. 09 37.0 5' - 36.81
Ti02 .04 ‘1 .11 ’.14 .12
Al2°3 23.29 23.23 21.56 4 21.21
Cr5°3 .05 .00 .00 .00
F®'2°3 13.85\ 13.49 15.98 ’ 16.58
MgO .06 ■ .07 .05 .04
toflO .12 4 .08 .10 .'15 '
CaO 2 2*. 6 5 23.39 22.75 ’ 23.22
Na20 . ■ .00 .00 ' .05 •  ^02
k2o .00 .02 .09 , .00
Total 97.28 97.57 97'. 7 6 98.34
C '
Number of ions * on the basis of 12.5 O♦ . "
Si 2.99 2.97
«C *
•2.99* ’ 2.97 ’
A1IV . .01 t .O'! •01 .03'
A1VI , ' ■ 2.19 2.17 >2.03 1.98
Ti .
Fe3
.00 , .01 ' .01 .01
.84 .81 .97 1.01
Cr .00 .00 .00 .00
Mg .01 .00 .01 .00 •
Mn .01 .01 .01 .01
Ca a . 95 2.01 1.96 2.01
Na ..oo .00 •01 i . .00
K ’ . .00 .00 .'01 '
>
.00
* '
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T&BLE 7' Representative Analyses of Gar-net (Grahdite
G r o s s u l a r ) '■ *' r~
-1
Sample No 35B ’.' • -35"8- • *' El-B El-B’ a El-B
* t
El-B
Rock Type •—  Dolerite 1 tr amajc ic Cumulate
Analyses No . 1 ■ 2 . ; ■ 4  - •: 2 -  < .‘ \ ‘
3 4
Si02 • . , , 3^ .98., ’'3.6/79 *38.56.- 38.01-. 38.08 39.13
TiO, ’ V'*2 ,/14 , r.' 09 - ' .06 .05 .01.
A12°3 11.31 11.14 " 211.18 :21.32 20.09 21.53
Fe2°3 * 15v7,4 *• 1.6,-,.4'2 2*. 6.4 - 4.14 3.15 1.72
Cr2°3 -.14 .1 )7  * .09 .04 .04 .05
MgO ' .81- ;.. ..80 . • ...-2-6^ ' .60 ..09 ' .06
MnO .30 7^ • .'27 ' ’ . .84 .95 1-68 .51
CaO 32.9i. ■33-. 8 5 . 3.5 , 3.0'- ’ 34.29 35.05-, 36.09
Na20 ..24 ’ . 2 0 "  .00 .00 . /OO ,.0d'
Kf0 ’ .04 — 1_ .00 .00 .00 • ' .00 .
Total
i
97 .-77
• ^
99.71 98.96 99-41 97.63 9.9.10
Number of ions on the basis.of 24
jffa t
.0,' ■-
Si ' 5.862 5.886 5/906 5.812 5.. 936 '5.962
A1 ,2.172 2.101 3.823 3.842 3.691 3.868
Ti .035 .017 .010 .007 .006 .001
Fe3 1.930 1.977 .304 .476 .369 .197
Cr .018 .009 .011 .005 .005 .006
Mg .197 .191 .059 .137 .021 .014
Ca 5.745 5.803 5.792 5.618 5.854 5.891
Mn .041 .037 .109 .123 ..143 .066
Na .076 .062 .000 .000 .000 .000
K .008 .006 .0.00 .000 .000 .000
$
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TABLE. 8 Analyses of Hydrothermal Diopsides
• ■ ) -*■ 
"
- * V ' ,,1 '
- _• 1
-k *■
U£ * ' ’ -
Analyses tyo" : * -*1 2->. • * 3- ■' ■ 4,.:» * * ... -#&». - \k.
V.' ’ * . .
Si02 ’ -'54.88 54.04- . '^54/13. 54 . 4 6 ;■
V
Ti02 -?3 ' .02 : > .07’. . , .0,5
A1203 ' .05 - .25 . • 86 ,.
'T-
. .7b*/ .
Cr203 .00 ■ ;02 .11 .Q6
PeO+ . 3.63 3.71 - , 4.20 5.22
MgO 16.07 16.09/ 16.26 15.66
MnO .11 .17 .21' • -.15
CaO . ', 25.23 25.32 23.67 22.41
Na20 .06 .19 .67 .80
k2o ,.00 « .00 .09 .01
Totals ' 100.06, • 99.81 100.33 99.52
•; Number of ions on the basis of <cations
si r 2 .010 . t-,981 -‘I.. 968 2.003
• T V  ' . ' -LA1 r. :•.* ■ .000 ' .Oil .032 .00.0,
A l ™ " "  ■ " .0^0
*
4)05 ..030
Ti' .001 *- -001 .002 ‘ .001
Cr , ‘ v-i , .000 . .001 ' .003.' .002
Fe2 ■' .111' . 114 \ .128 .161
Mg ' .. .877 .879' ■ .881 .858
Mn .003 ' .005 * .008 • • .005
Ca ' ..990 .995 .992 *883
Na .004 .014 , 0 p •047 .057
K . " „000 .000 .004 .000
1 - 2 :  Colorless-.
3 - 4 :  Fibrous, yellowish-brown to pale-green.
/
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TABLE 9 Analyses of Riebekite-Arfvedsonite Amphiboles
\
Sample No 495-7 495-7 495-7 495-7
Analyses "No • 1 ■ 2 . 3 4‘
-Si02 - 50.57' 50713 49.99 49.76
A12°3 '«
1.95 ~ • ■ -3.11 2.61 2.43
FeO ' ' 19.35 19.41 2 0'. 56 17.34 .
*?2°3 . 10.19" • 12.57 ‘ 10.84 11.99 .
MgO 4.43 • 3 . i 5 2.86 4.94
‘MhO .67 .64 .64 • \ .75
i ,
Ti02 . "* .56 1 . .71 .28
i
.68
CaO ' 1.23 1.28 1.52 1.43
Na20 6.65 6.16 5.95 6.40 ‘
k2o 1.75 1.59 1.51' 1.83
Total " S . 97.35 - 98 .75L_ 9-6.76 97.54
♦
Number of ions on the basis of 23 0
Si
)
l 7.797 7.644 7.789 7.642
A1IV .203 .356 .211 .358
A1 Vl .152 .203 .269 .081
Fe2* ' 2.495 2.475 2.679 2.227
Fe3 1.182 1.442 . 1.271 1.385
Mg 1.018 .716 - .664 1.131
Mrt > .087 .*083 .085 .098
Ti .065 .081 .033 , .078
XOct * .000 .000 .000 .000
Ca
-r
.203 .209 .254 .235
NaM.4 1.797 1.791 ,fc
1.746 1.765
Na*-A .191 .030 .051 .141
•K
O.'
.344 .309 .300 .359
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TABLE 9 /continued’
Sample No . 4^5-7 E-.31 E-31 E-31
Analyses No 5 ■ '1 Core 1 Rim 2
sio2 4SF-07* 49.66 51.06 51.27
A12°3 2s 41 - 2.90 .68 .75
FeO . ; 19.84 .16.15 25.51 26.47
Fe2°3 11.39 14.03 3.46 .85
MgO  ^ 2.55 5.14*- 4.81 ,5.39
MnO .76 .50 .56 .57
Ti02 — .63 .66 .60 . .61
CaO & 1.44 2.45 6.45 7.63
Na20 H X6.47 5.30 4.06 3.64
k2o 1 .81 .93 .74 . 55
Total 97'. 3.7 97.72 x 97.93 97 .<74
V •’  ^ 'Number o£/ions
\s
on the basis of 23*0 -
V'"'- i
Si- ' ,"$■7.641 7.553 ■ 7.912 '• \ 7 .943, .
TV ■ ' 
A1 , -V .,.,359 ■ ' ,.447-' ' .088. ■' .057
A1Vi
A1 4.-
: , > »
 ^ ’ .083-- ' .073 ^ .037 .080,
pe2 * ... -.3 2.584 , .2.054'/ 3.306 3.430'
Pe3 'y' \  1.3-35 . 1,605 ‘J .40% .100,
Mg . A  .824 ✓ 1.16.5 ?',l'.lll' - -1-.-245
Mn.  ^ - ", .100 , ’ ’ :064 ' ■ .'.‘073- ■' ' . .075
Ti ' « .074 ‘ . .075 ■ " •' '1070 ' *
"1071
XOct ‘ ' .000 *, •038 ‘ / ■* .00,0 , .-000
Ca ' .240 .399 • 1.071. . \ .1.267
NaM. ’ -> 4 . l.'76(T\«/ ■- • 1-;§63’ V.
929-, 
' > ■>
.733 • * «
Ma-A .194 , ‘ .000',- ,
. ' f®. s
•. .291 ■ %  360 •
K. - . . .360' ■ "i-181- .* .14.6.' ../• -IP9
-i ' - -- 1
• Vy. ^ m... ' '
, 1 * t' '
, • . ♦) * ” ' - V # I v*
’ ♦ * • ,  *t . > s! t f
1
1 ' , < ,
#
*
» ** *r‘ 
♦
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* TABLE 10. Representative Analyses of Ca-Amphiboles
.V ./v ’ >•
Sample No 
Analyses No
507-18
1
547-1
2
E-35
1
E-35
2
sio2 - 54.67 V 53 .54. ' 49.50 49.00
A12V 1.94 2.29 5.33 6.71
FeO * 12.34 15.01 11.64 12.82
Fe2°3 .00 .85 2.80' .96
MgO ' 15.62 13 .46 15.94 , * 14.70
MnO * .16 .20 .26 • ' .21
Ti°2 .01 .03 .16 « .17
CaO- 13.12 12.09 10. #7 11.17
Na20 .05 .28 1.22 1.23
k2o * ..04 .11 ‘ .03 • .05
Total 97.95 97 .86 97.55 — 96.97
Number of ions on the basis of 23 0 j
Si 7.827 7.783 7 M  9 8 7.171
A1IV .173 .217 .802 .829
A1V^ .155-- .176 .122 .328
pe2t , ‘ 1.477 1.825 1 .’416 1.569
Fe3 .ooo ..093 .306 .105
Mg 3.333 2.916 3.454 3.206
Mn .019 .025 .032 - .026
Ti * ■, .001 .003 .017 .019
ExOct • .,000 .038 .337 .253
Ca * 2.013- 1.883 . 1.663 1.747
NaM.4 ,000
.079 - .000 . 1 .000
Na-A .014 .000 .344 .349
K .00.7 - .020/
s.006 ‘ .009
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TABLE 10 continued ■
t
Sample Nc 
Analyses
• . E-35 
No 3
/
' E-35 
4
EL-B-
1
TJltramaf ic
El-B
2
Cumulate
Si02 { 48.16 48.05 57.82-' 55.49
Al2°3 7.74 8.21 .41 1.12
FeO 13.43 13.67 5.69 5.74
Fe2°3 .23 .61 .00 .00 .
MgO 14.15 13.73 22.47 21.51
MnO .18 .25 .12 . .03
Ti°2 .34 .20 .00 .00
CaO 11.27 • 11.02 11.54 ' 12.27
Na2° U48 •'1.2.6 .64 1.26 /
k2° .06 .07 .03 .04
Total 97.03 97.07 98.77 97.46
Number of ions on the basis of 23 0
Si 7.065 7.049 7.929 7.771
> H < .935- .951 .066 .185
Al- .403 .46^ .000 -
Fe2t 1.647 1.677 .653 .672
Fe3 .025 .067 .000 .000
Mg 3.093 3,002 4.592 4.489
Mn . ■ .022 .031 .014 .004
Ti .037 .022 .000 .000
ExOct v?29 r268 .259 .159
Ca l‘ ?7 71 1.732 1.696 1.841
NaM. 4 .000
.000 .045 .000 .
Na-A .422 .358 .125 .342
K .011 .013 .005 .007
:w
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TABLE 11 Representative Analyses of Carbonate Minerals A: in MafijjC Meta-Volcanic Rocks
f
Sample No 
Analyses No 
Parageneses*
547-34
1
A
547-34
2
A
547-34
3
A
547-34
4
A
547-34
5
A
547-34 
6 
, A
547-34
7
' . A
CaO 54.61 54.86 54.06 54 .03 52.62 52.43 51.43
MgO * .25 .60 .98 1.39 - -T~r 7 5 2 .26 3.01
FeO .43 .23 .50 .71 .60 .48 .72
MnO - .40 . 07 .43 . 24 .48 .48 .58
CO 2 43-64 43.89 44.07 44 .50 43 .'87 44.21 44.45
Total- 99.33 99.65 100.07 100.87 
95 .28
99.32 99.85 100.19
CaC03 Molej °/Q 98 .20 98 .09 96.27 94.13 *• 93 .07 90.8p
MgC03 .63 1.49 2.43 3.41 4 .35 5.58 7.39
FeC03 .60 .32 .70 .98 .84 . 67 .99
MnC03 ( . .57 .10
s
.60 .33 .68 .67 ' .81
* A: + Hematite + Smectite + Chlorite
-
B: + Epidote + Actinolite
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TABLE 11B Carbonate Minerals Associated with Metalliferous Ore Depos-its
Sample No 
Analyses No 
Paragenetic Type*
CC-2
1
1
CC-2 
2 
' 1
CCr2
3
1
A
CC-2
4
1
ALJ-2
1
2
ALJ-5
1
2
ALJ-5
2
2
CaO . 36, .43 .25 . 68 52.08 53 . 93 53 .30
MgO .57 11.43 16.66 •8.61 . 37 . 18 .41
FeO 59.82 44 .80 36. 91 45.48 1.54 . 33 .27
MnO 1.29 2.11 3.36 4.48 2.30 1.27 1.90
CO 2 38.35 41.62 43 . 08 40. 57 43. 97 43.51 43.62
Total 100.39 100.44 100.25 99.82 99. 93 99 .'2t2 ./’ 99.50i
CaC03 .74 • 81.' .45 1. 31 93.64 97 .27’' 95.89
MgC03 1.62 30.11 42.22 23.17 . 93 .45 1.03
FeC03 95 .55 65.93 .52.48 68 . 67 2.16 .46 .38
MnC03 2.09 3.15 4.84 6.85 3 . 27 1.8.1 2.70
1 - Stockwork Ore » 4 - Tuffite'"'O above Massive Ore
2 - Massive "Pyrite" Ore 5 - Mn-Rich Chert -
3 - Pb-Rich Massive Ore (border zpne) k (
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11B continued
'
‘‘i
"■s
\
' I
Sample No 
Analyses No 
■Paragenetic Type*
S-24
1
v 3
S-24
2 .
3
S-2
1
4
m  S-3 
1 
4
, S-3 
1 
4
Mn-3B
i
5
Mn-4
1
5
CaO \ • 55.18 _ 54.17 1.22 48.69 30.14 5.38 1.90
MgO \ .18 .33 .45 % .38 19.12 .61 .13
FeO \ '.11 .05 - 7.93 1.05 .19 2 . 20 . 25
MnO
\ ^
.86 1.89 51.85 6.05 2.11 51.76 58.53
C°2 44 .10 44,07 , 38.4-7 4 3 .02 46 . 57 38.35 38.10
Total 3,00.4 3 100'. 51 99.92 99.19 99.13 98 .30 98 . 91'
CaC03 Mole r/ 98.19 96.45 2.49 ■88.82 50. 79 11.01 3.91
MgC03 \ *fj \ .45 ;. 8 2 1.28 . 96 * 44.82 1.74 .37
FeC03 .15 .07 ' 12.6 3 1.49 .25 3.51 .40
MnC03 <* I 1.21 S 2.66 \ 83.61 . 8.72 
V
4.14 .83.74 95.31,
1 - Stockworkl Ore
2 
3
Massive "Pyrite" Ore c 
■I
Pb-Rich Missive Ore (border .zone)
4 - Tuffite above Massive Ore
5 -v Mn-Rich Chert
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TABLE 12B continued
- * * ^ - fit
■
• -
Sample No. S-24 
Analyses No . 1 •-> 
•Paragenetic Type 3
S-24
2
3
S-23 
1 - 
3
S-23
2
, 3
S.-2 ' 
. 1
P 4
S-2
2
4
k  ~ . -1’ , .33.04 .33.19 33.06 ' 33.38 ' ^2.98 33.05
Cd \ / T * 07 
Mn ; . ‘ ' : 1 * .0 3
.05
. 0 0
■" '-‘.37 
! . <.02
. 0 0  
. 0 0 .
. 0 0
.45
• . 0.0 
.09 *
Fe .' ■-. .'31
■ 4 6 .
'i -60 ■ 1 / 1 1 . 23 .31 “
;Z n  - " _ 66.79 '6-6.48
a ^
4 1 6 6 : 27 • 65.97 6 6 .43. 6 6 :85
Total . - * 1QO .24 100‘. 17 100.31 100.46 100.07' -100.30
XFies °/ - .50
O  » w - .80 - ‘ 1.04 - 1.93 ' .'■54
s t 1 v *
1 - Stockwork Ore
y
• r 3** - r  pj?-Ric~h Ore-(border zone) .
2 - Massive. "P'yrite" Ore
'  * e
* •» a
. '
4 - Tuffite above Massive Ore
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TABLE 1 Representative Analyses of Sphene
r
Sample No 531-27 
Metamorphic Zone 4
r
531-27 
4 -
GA3-5 
6 2
549-21
3
549-21
3
sio2 , 30.54 30.63 29.75 31.67 31.00
Ti0 2 39.50 37.54 35.50 t 33.27 31.87
Al^ ° 3 1.22 1.85, 2.48 2.90 3.61
Cc20 3 .04' .08 .05 .0 0. - .04
FeO .33 1.54 * 2.04 2.5$ 3.68 *
MgO « o 00 .70 .08 .14 ' .43
MnO .07 .02 .05 * .02 .05
CaO ■ 28.75. 27.56 28.09 28.73 27.93
^ 2 ?  .
oo•tip oo• .14 .00 , .00
*2°' ‘ .01
oo• '.05* • .24 .05
/Ibtal 100.53 99.86' 98.24 a' 99.53 98.96
Number of
»
ions on the basis of 4 Si
Ti 3.891 3.681 • 3.589 3.160' 2.818
A1 .188 .208 .393 . 432“ • .689-
Cr,, ^  -.004 • .008 .'005 .000 .000
Fe w  .037 .170 .232 .272 .441
.016 .136 .016 .026 .166
.Mn .008 .002 .006 . .002 .000
>a - 4.035 3.856 '4.047 3.888 3.728
Na .000 .000 .036 .000 .000
K '.002 .000 .009 .039 , » ■ .023
I
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TABLE 1 continued
Sample No 
Metanorfiuc Zone
564-9 
. 2
564-9 
. 2
567-70 
- 2 .
567-70
■2
567,-70
2
E-18C
3,' '
Si02 32.53 32.09 31.61 31.55 30.90 30.62
Ti02 29.70 33.07 33.55, -3,0.86 29.63 ' 33.33
Al2° 3 6.41 3.40 ‘ 2.73 4.75 5.58 ; 3.33
Cr2° 3 .00 .00 .00 .00“ , .oo .02
FeO . 2.37 1.10 ' ?.33 ‘"'1.67 2.34 '’2.041
**3° * .21 ..14 4 o 4^ .04 .‘07 .62
MnO .10 • .05
r
■ .04 ’* , .04. ,.01 • ,04
CaO 26.20 '27.43' 28.56 , 29.00 28.96 28.81
Na20 .21 -.10 “ .00
oo• .19 ' .,03'
.01 .03 .01 .00 -.0 0 '’I
•’ .0 2 ;
Total • 98.34 * 97.51 '98.87 97.91 $7.68 V98.85.
/
Number of ions on the basis of 4 Si
*• “ *
i .
Ti ' 2.746- .. 3.100 . 3.193 2.942 2 .88*4' 3.,274'
Al .929 . .499 • .407" .710 1 ‘ .851 .513-
Cr,, ' .poo .000 .000 .000 .000 . 002
Fe , .246 .116“ .249 .179 .253 .225
Mg .038 : 0 2 6 .008 .008 ' .014 .121’
Mn .*• .010 ' ,.005 .004 .004 .001 : -.004<v _
Ca 3.452 3.663 3.872 3.939 4.017 4.032“
Na .050 , .024 .000 .000 .048 • .008
R .002 '* ‘.005 
• 0
.002 .000 '.000 .003
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.TABLE 2, , Representative Ana-lyses oi$, Preimi-te
■ ' 4 * t - ‘ -, - ; •’ *
* . f * \
- Sample No . 507-3 507-11',■ 507-11 ’ <'549-8 " 549-24 550-16, 4 *
. 'i*
»' -  * * ’
* ,Si02 42.94 4 2 .04'- 43.40' '43 .*28 43.34 '.7-43.31 '
■ TiO^' " ’ .0 2’ • . 0 2 , .1 1 , .00 > :oo'' *,.04 ‘
A 1 2°3 • 21.81 2 1'. 0 1 \ 23S. 12 2-3.81 >25.17 22.80
-'9r2°3 ‘ ; ■ . 0 0 . 05 ' , .00 ' 0 2 '  ...07 . .00 . :*.
■pe2°3 '  ' V -s;.89 '4.14 ' *'1.37. .99 . -.21 2“ 3 3
MgO ‘ • .24 ». - '.16 , .0 2 , -.04 '  .01 »'*  .1 2 ' .
• MnO ;oo '  -  .  07.: . . •  >101 * .•00 .05 .  '.06- '
> • ‘
'  CaO ' 2 §‘.41 26.39. 20..65 2£:27 26,.£  1 h -25.82' •*:
Na2°- - V s . 1 3i  t >  -.1 0 2 /' •*\'04 ■ ; - 0 7 ' 4 04 • , ‘ .13 '
V  k 2 o   ^ _ .04 .or- . ' ° 5 , Yoi oo ’ .  o>7'Y  '*- *
■“** ' 1,
TOba-i .. 95.59* 94.97 1 • . * 94.76 v 9.4. OO ‘ 95.32." 94> 6 8 '\ . s . »
> ■
Si
Number-. of- ions on- the, basis*of 11, O';
■ • “ v ’ " ' * * * _ * " .* "i I
9,9:6 •- 3-023 r 3.-021 '3; 012--.2.982 -• 3.021
* i *'
' *  •.
: o o 4 . u o ' o o ’. o o o >' . 0 0 0 .‘0 1 8‘ V • . 0 0 0t r
,. . V I  ‘ A 1  . v" 1 . 7 8 9  ' * 1 1 7 3 9 ' , 1 . 8 5 6 ^.953' ' 2 . 0 2 3 ' 1 . 8 7 5
• Ti ..Ooi . o o i '.006 . QOO, ’. 0 0 0 * .'PD2 '
C r 3 + ’ . .. , 
F e  i; , -
* . 0 0 0 ' . 0 0 3 .'000* . 0 0 1 . 0 0 4 “ . 0 0 0 -
* . 2 0 4 . 2 1 9 - . 0 7 2 » v 0 5 2 ' S / O i l . .'122'. -
Mn V * : . . 0 0 0 . 0 0 4 . 0 0 1 .000' 0 0 1  v .004- ^
*Mg ' . 0 2 5 \ . 0 1 7 . 0 0 2  - z 0 0 4 ^ J . t 0 3 ' \ . 6 1 2
C.a 1 . 9 7 4 1.98-6 1 . 9 8 7 1 . 9 5 9 w F  • ^ ' 7 1 ; . 9 3 0
N a  ■ . 0 1 8 . 0 1 0 . 0 0 5 . 0 0 9 >6$ . 005' ' - : Y ( U 8  * .
K .. 1 . 0 0 4  . . 0 0 1 V . 0 0 4 - . 0 0 1 ' ' v > 0 . p O . . - . 0 0 6  t
■ , * J * % ! ' .... 1. . ■ » .  ■-
, , •* » 1 *  I , *  se-
,
d
)
C ) , \
? t* - • - / -
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' • TABLfi 2, continued
i *„«
' * \
- * 9
■ . , ,
■Sample -No * ■ 550-32- '.550-32
V-
559-35 567-44' W 567-66 567-7(
j ‘"Sid-t ' 1 fa t v 43.08 i 42.92- 43.29' , 42.94 f 42.66 43.21
Ti0 2. .00t **, . 0 0 '■ / .07*.. .07 - .20 . .  .13
' ^1 2°3 19.64 * ' 22.-4 3 21.38 23.57 23.78 23.06
* C-r2°.3 ■ • .00 - , 0 0✓ ^ . 31
.00 , .05 .01
■ FV2°3 J ■ , ' *’ - 6.59 . • 1.99 2.90 *1 . 2 1 1.27 1 . 1 2
” M9 ° . ’ ' -.02 . .00-. .20 .15 .00 .01
f:"' MnO - * -08 -. 12 .04 .02 .05 .03
. - - CaO /  ' 26.35 , 26.77 * 26/54 ■ 26.59 26.95 26.84
Na-0. C >. ' .00 ' _ .02 .00 .00 . 08 .00
k2'o • .00 . 0 0 * ' *QQ ..52 .01 .01
'-Total' ' .95.16’ ‘ » 94.7*26^
94.73 94.56 95.07 94.43
.
‘■*3
Number of ions on the basis of U O
Si
AlIV
Al 
Ti 
Cr 
-Fe 
•Mn 
'Mg- 
• Ca 
- Na' 
, K
VI
3+
.3.025 3.016 3.03% ^ 2.99k. 2.968 3. 0 l9
. 0 0 0 .-000 . 0 0 0 < .006 .032 . 0 0 0
1-.B25 1.858 1.767 * 1.931 1.918 1.899
v . 0 0 0 . 0 0 0 .004 .004 . 0 1 0 .007
. 0 0 0 . 0 0 0 .017 . 0 0 0 . 0 0 0 . 0 0 1
,.348 .105 - . .153 '.063 ' .066 ;059
- .005 .007 . 0 0 2 1 . 0 0 1 .003 . 0 0 2
.0Q2 :ooo ' . 0 2 1 .016 . 0 0 0 . 0 0 1
I4; 982 '•2.015 1.994 • 1.986 2.009 2.009
-.000 . .003 .0 0 (T . 0 0 0 .011 . 0 0 0
. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2 . 0 0 1 . 0 0 1
0
V li
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TABLE 2 continued'
&
Sample No E-29 E-30D E-31 E-31 
intersticial in
E-31 
plag.
E-35
Si02 43.36 42.99 43.01 43.18 43.04 42.46
Ti02 .00 . 0 2 ' .00 .00 . 0 0 ' .00
Al2°3 21.60 23.38 2 0 . 8 6 20.5] 25.24 23.76
Cr2°3 .00 . 0 0 .00 . 0 0 ' .00 .00
Fe2°3 3.92 1.54 4.44 3.65 ~ .17
*
■1.83
MgO -.32 . 0 2 .24 .21 .08 .04
MnO .10 .08 ^  -01 .02 .02 .00
CaO 25.81 26.69 '26.14 26..81 26.96 26.75
Na20 .02 . 1 2 .23 .06 .14 .08
K20 .00 . 02 .02 , 0 0* .09 .01
Total 95.13 94.87 94.84 94.44 95.73 94.91
<* Number of ions on the basis of 11 O •
Si 3.027 2.995 3.0,23 3.048 2.958 2.961
A1IV . 0 0 0 .005 . 0 0 0 . 0 0 0 .042 .039
A1VI 1.777 1.915 1.728-. 1.706 2 . 0 0 2 1.914
Ti . 0 0 0 . 0 0 1 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
Cr O i . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
'Fe .206 .081 .235 _ .194 .009 .096
Mn .006 .005 ' . 0 0 1 . 0 0 1 . 0 0 1 . 0 0 0
Mg .032 . 0 0 2 .025 . 0 2 2 .008 . 0 0 1
Ca 1.931 1.992 1.968 2.027 1.985 1 .'999
Na .003 .016 ' .031 .008 .019 . . 0 1 1
K „ . 0 0 0 . 0 0 2 . 0 0 2 . 0 0 0 . 0 0 0 . 0 0 1
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TABLE 3 Representative Analyses of Epidote
Sample No 
Met. Zone » 
Paragen.*
468-7
3
H
495-8
2
N
PL-3 
4 . 
N
531-8
4
N
531-8
4
N
531-28
4’
N
S i 0 2
37.10 37.12 39.04 . 37.92 39.02 38.14
Ti° 2 - .16 .15 .07 •12 .07 .05
A1 2°3 21.48 ^19~85 28.36 27 .71 28.57*
28.09
C r 2 ° 3 .15 .04 .00 .00 .05 .07
+
Fe2°3 16.59 . 17.73 5.86 7.0$ 6.19 ’ 6.41
MgO .05 .'.08 .07 . .04 .01 v. 0 5
MnO .34 .1 0 ’ .06 .36 .32 ‘ .16
CaO 23.36 23.20 24.32 24.2-6 23.83 24.42
Na2 ° r .09 . 1 0 .07 .02 '.01 .07’**
k2o*. .02 . 0 0 . .00 .00 .00 . 02
Total 99.34 98.37 97.54 97.50 98 .08 97.51 '
Number of ions on the basis of 1 2 .5 O '
Si 2.957 2.998 3.027 2.974 3.019 2.984
A1IV .043 ' . 0 0 2 . 0 0 0 y. 0 2 6 . 0 0 0 - .016i
A1VI 1.975 ; 1 . 8 8 6 2.592 2.536 2.606 ' 2.574
Ti . 0 1 0 '.009 .004 ' ,007; .004 .(103
C r , , .009 .003 . 0 0 0 . 0 0 0 .003 .00,4
Fe .995 1.07^ .342 .418 .361 .377
Mg .006 . 0 1 0 .008 . .005 . 0 0 1 .006
Mn .023 .007 .004 .024 . 0 2 1 . 0 1 1
Ca ’ 1.995 2.007 2 . 0 2 0 2.039 1.9.76 2.047
Na .014 .016 . 0 1 1 .003 . 0 0 1 . 0 1 1
K . 0 0 2 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2
N: no iron oxides; Mt - Magnetite; H - Hematite
■
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TABLE 3 continued
Sample No 531-29 531-29 538-16 538-16 549-8 549-8
Met. Zone 4 4 2 2 3 3
Paragen.* N N ' N N - N N
s i o 2 * 38.20. 38.05 37 .05 37 .66 37.86 37.24
T i 0 2
.11 .12 .07 - .16 .01 . 0 0
A1 2°3 27.03 -27.82 21.-15 23.76 24.68 23.03
Cr2°3 .00 .00 .01 .00 . 0 0 ' . 0 0
Fe 0 2 3 • 8.,40 7.04 15.41 12.13 11.43 13.40
MgO .04 .09 .02 .06 .02 . 1 1
MnO . .16 .14 .14 . 1 0 '
; 1 i M
t . 1 0
CaO 24.24 24 .24 22.87 23 .80 23.75 23.62<5-
Nao0 ‘ .07 .05 .01 .00 . 02 . 0 2
2
K2 ° ' .01 .02 .00 .00 .00
. 0 0
Total 98^25 97.59 96.73 97.58 97.81 97.52
Number of ions on the basis of 1 2 .5 0 «
Si „ ' 2.981 2.978 3.014 2.998 2.999 2.986
A1IV . .019 . 0 2 2 . 0 0 0 . 0 0 2 . 0 0 1 ‘.014
A1VI, 2.467 2.544 2.028 2.232 2.303 2.162
Ti .006 .007 .004 .0 1 0 ' . . 0 0 1 . 0 0 0
Cr , .007 . 0 0 0 . 0 0 1 ■ . 0 0 0 • . 0 Q0 . 0 0 0
Fe3 ,493 .415 .943 . 1 2 1 ' .681 - .809
Mg .005 * .oil . 0 0 2 .007 . 0 0 2 .013
Mn . 0 1 1 .009 . 0 1 0 .007 .003 .007
Ca< 2.026 2.033 1.993 2 .030 ' 2.016- 2.029
Na “ . 0 1 1 • ,008 ‘. 0 0 1 . 0 0 0 .003 .003
K . 0 0 1 . 0 0 2 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
* - IT: No iron pxides; Mt - Magnetite; H - Hematite
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TABLE 3 continued * -
Sample No' 549-2^ 551-26 551-26 559-37 E-5B E-12A
Met. Zone 3 3 1 3 2 3 • 3
Paragen.*
*
Mt N N N N Mt
Si02 ■37.31 38 .1,9 37.25 37.40 36.84 37.46
Ti02 - - .04 .1 2 , .04 .01' .04 . -13
Al2°3 21.41 26 .-12 22.34 2 2 . 1 0 22.03 20.98
CrZ°3 .00 .02 .04 . d .02 .08
Fe2°3 . 15.48 9.33 13-. 34* 14.96 15.15.
16.62
MgO .01 .04 *27.- .03 .05 .0.0
MnO .05 .34 .36 .28 .41 •.22"
CaO 2 2 . 8 6 23.74 23.68 • 23.12 23.60 23.07
Na2° ''lOO , -0 0 , .04 .*« .05 .03
K2° .06 .00 .00
.03’ Xoo ■ .00
Total 97.16 ,97 .91 97.36' 98.14 98.20' 98.59
*
Number of ion? on the basis of 12 .5 O
Si 3.017 2.994 3.000 2.998 2.960 3.002
A1IV , .0 0 0 .006 .0 0 0 .0 0 2 , '.040 . 0 0 0
A1VI 2.041 2.422 2 . 1 2 0 2.086 2.CT46 1.981
Ti . 0 0 2 .007 1 0 0 2 •- . 0 0 1 .002 .008
Cr . ' . 0 0 0 . 0 0 1 .003 . 0 0 1 .001 - .005
Fe3 .942 .552 .808 .902 .916 1 . 0 0 2
Mg . OOQ, .005 . 029 .004 .006 . 0 0 0
Mn» -V. X  .003 .023 .025 .019 .028 J ■.015
Ca .-X- 1.981 1.999 2.043 1.985 2.032 1.981
Na ' . 0 0 0 ' . 0 0 0 .006 .016 .006 . 0 0 0
K X: X  ■ . 0 0 0 . . 0 0 0 . 0 0 0 .003 . 0 0 0 . 0 0 0
* - N: No iron oxides; Mt - Magnetite; t H -Hematite
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TABLE 3 continued
Sample No 
Met. Zone 
Paragen.*
E-13
3
H + Mt
E-13A
3
H + Mt
E-17 
3' ' . 
N
E-17
3
N
sio2
Ti02
37.. 46 
. 1 1 .01
38-r^2^" 
. 00
•38.36
.00
A1 2°3 22.73 21.27 27.10 25.80 p
.04
, .00 t
. *
.00 .00
10/49Fe2°3 14.85 15.22 8.73
MgO ?04 .06 .00 ■ -.-Off
MnO .41 .30 .08 .15
CaO 23.47 22.96 23.80 22. ,98
Na2 0 . 0 0 .11 .34 , .23
K-0 • . 0 0 .00 .00 .00
2
Total
i
0
99.09 97.33 98.26 , 98.09,
Number of ions on the basis‘ o of 12.5 p ''
-
Si 2.971 • 3.022‘ i v "'2.984 3.. 011
A1IV .029 - " . 0 0 0  „ .016 . 0 0 0
A1VI 2.095 2.027 2.478 . 2.387
Ti i t -007 
* .003
. 0 0 1 ’ . 0 0 0 . 0 0 0
Cr . 0 0 0 . 0 0 0 . ' . 0 0 0
Fe3 .8 8 & .926 .513 .620
Mg - , .005 .007 : . 0 0 0 .009
Mn .028 - . 0 2 0 - .005 . 0 1 0
Ca 1.994 - i.gso^ i 1.9$1 1.932
Na . 0 0 0 .017 .051“ .035
K . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
* - N: No iron oxides; Mt ■- Magnetite; H - Hematite
•
5*
it
lie
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TABLE 3 continued
--
Samp-l^No' E-18F" --- E-29 . •
Met. Zone 3 3 • " . 2
Paragehf. * , •; ' ' N N-
2°3
2 3
Fe^O
Total 98.34* 
Number of ior
2.979 2.^96 3.031
. 0 2 1 .004 . 0 0 0
2.280 2 . 1 1 1 ' , 2.135
• .005 ■ ..001 . .0 0 2
. 0 0 2 .0 0 0 . .003
.698 . % '.856 .808
.005 .Q05 . 0 0 0
.025 .009 . .013
.1-99? , 2.035 2 .0 0 0.
.003 . 0 0 0 . 0 0 0j
..001 x . 0 0 1 . 0 0 2
* - N^: No iron oxides; Mt
o
Magnetite; H - Hematite
( ’
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TABLE 4 Representative Analyses of Pumpellyite
■- -*
Sample No 
Met. Zon^ 2
S i ° 2  ■ 35.65
Ti0 2 ‘ .--00
A1 2°'3 - 5 17.45
Cr2?3
FeQ
.04
15.60
MgO . 2 M 8
MnCf <\ , » . .08
' c4° ‘ •22.15*■
*»2<> . .. ’ - - ‘ . 17
k-2o  .
, o
Ttotal
08
« 93.62
4 9 5 - 8
' 2
5 0 7 * 1 1  
2
5 0 7 - 3 6  
~  2 
%
‘ 5 1 8 - 6  
2
t
36.13- 3 7 . 0 3 36 3 6 . 6 1
. .08 .07 .00 .10
1 9 . 5 6 2 3 . 5 4 2 3 . 3 ? 2 2 . 6 5
.00 .03 . 0 0 t 06
1 2\ 0 1  •?> - 5 . 5 2 / ^ '6.30- 7 .27
'2 .'28. 2 . 0 /9 .
\
2 . 8 0 ' 2
.14 ^  .11 .05; . . ...20
, 2 1 . 5 8 "23.45 23 112 2 2 . 6 0
' ' .00 .12 ..22 . . . 11
.00 *i02 .01 - .'00
.•w
.91. 7 7^ 9 1 . 9 8 -92‘.46
s«fc
9 1 ^ 8 $
1 0 - 1 4 ■  - 5-6 \  5 - 6  . *Rjange FeQ '13-16* ■ 1 - , »«"
NCunber of ’ions &n the-basj.s otf
Si
Al
Al 
Ti 
. ' Cr 
Fe 
\ Mg 
 ^ Mn 
Ca 
Sa 
K
i
IV
s<.
VI
5'. 86.7 ' 6 .02^
. 13'3 , ,.QP0'
V
3.-253 - , 3.845 .
. 0 0 0  .0 1 0 ,
.005 .000
2.147- 1.675%
* .608 .£67
. 0 1 1  . . 0 2 0
3.90$ 1.3.8 57 *
.054 . 0 0 0
%017 , * .0*0 O'.
>6.042 .
■ .0 0 0 '
4.527 .
.009 
. . 004'
.753 >
.508 
.015 .
4,100 
.038 
.004
16 cations • - 
5.932 6.007
.06^'
4.382 
*. j 0 0 0  
* .0 0 0 .
. .853 
.67 6  
' -.00,7 
4.011.
.069
..0 0 2
’; 0 0 0  
4.380
i 0 1 2  
.008 
.'998- 
.560 
f .028- 
--3 .973 
•>.035 
' . 0 0 0
A
. -7\
I  " ' . ^ ' *
’ . • <■/ " ‘ * e' „ ^ . S  < •* •  « .« ._■______.______-___
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'TABLE 4 continued
F
Sample No * 
Met. Zorte
538-16
2
547-1 ■
2 .
.GA3-5 
2 *
GA6-24 
2 a ■ 
in plag<.
,GA6—.24 
2
in Cpx
sio2 .
* " 
36.37 37.03 , 37 . 05 { 37.38 36.83
Ti° 2  . - ' . 1 1 .04 . 0 0 . . 0 0 . 0 1
Al2°3 22.77 22.61 21.83 '25.77 - 23.66,
Cr2°3 . 0 2 . 0 0 .04 - ..-o® .05 •
FeO >. 7.78 ‘6.94 8 .49 4 .-64 6.41
MgO 2.14 1.73 .2 .49 2.^5 ' 1 . 8 6  *
MnO . 04 .09 .08 . . 2 0 . 1 1*
CaO, 23.96. 22.61 22.76 22.92 22.63* _ _ < #V> -
Na-2b . . 0 0 . .0(3 . 13 . 0 0  • . 0 0
k 2d ^ . 0 0 . 0 0 .03 ,.0 0 . . 0 0  .
Total ' • ' 93.19 91. 8* 5 - 92.90 . 92.96 . 91.56
’ * +
Range of FeO 7-8 - '7-8 ; - . _9-“ ‘ t
Si
Al IV
Al
Ti
Cr.
Fe
Mg
Mn
Ca
Na
K
VI
Number of ions on the basis °of 16 cations
S. 895 
. . 105
%
. 4,. 245 *
.013 
-003 
* • lv055.
• .517
. ,,005
. 4 -161 
- 0 0 0  
. 0 0 0  '
6 .09 3_i 6 .027 6 .016 6.060
* T  ' 
. 0 0 0  y .0J30 . 0 0 0 .0 0 0 .
~;4.524 x 4 .185 “ *4 ..88 8 4 .589
.005 . 0 0 0 Yooo ;‘opi
. 0 0 0  * .004 . 0 0 0 .00-7 ‘
.955 1.1$5 ' -.625 "J .882
-. 424 .: 6 0.4 .492* -*4 56 -
..013 . . ^ • 0 1 1  . .027 .015-
.3.-986' 3.967 -3.952 3". 990
. 0 0 0 . 041 * . . 0 0 0 - .* . 0 0 0  .
. . 0 0 0   ^. .006 . . 0 0 0•* V .... > - 0 0 0
r ••* • #
. -*• /- '.
* ' .V , ♦ < ',3W ■. ->/ ■
' ‘.
-- \r-
.
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TABLE 4 continued-
-
* p
Saitiple’ No 549-6 549-8 . 550-1 (j ' 559-26" 559-35
Met »\ Zone 3 -
'-3 \
; .2 2 ‘ ‘ 2
■ • • > •• - ' a • a .
Si02 36.78 36.88' 36.47 36.97 37.26
$i° 2
<4 ■ .0 2* . 1 0 * .08 • ' '.06
^2°3 * 23.259 •22 .54 - ..22.39 ■'22.05 '23.36 '
‘fr2^3 . " - ..00 . 0 0 /• . " .0° ./ I ' 0 5 ° .0 0 '
FeO 5.87 ' 8.23 8.08 7.63 5.'81
MgO 2.76 . 1.35 -
'
2.19 . 1.7-9 2.72
MnO ' A 4 • .OS ■ .1,6-. .14
CaO -23.29. 22.73 1 22.85 2 2 . 7 1  ' ,*24.13 *1 •
Na2 °. •P1 .17 . 11 ' . 0 1 * - .00
K-0 • /
Z « . 0 0 . 0 0 .03 . 0 1 * .00
Total \ 92.13 • 92.06 92.30 91.47 93.4S
'Range of 1* to. •' FeO+- <5-7
„ -
*
- 5-6
* •
"‘C \ Number'of ions ofi the basis of,.16 cations
7 -- , ' ^
Si ‘ 5.986 6.073 5.969 6 . 1 2 2 v ’ 5.-97S
ai iv ,: ..0l4 . 0 0 0 . *031,
•>c ■“
r ^ 0 0 ~ .Q2 2 .
- *? .»•
AlVI / . , " 4*446 4.37 5 4.288 ■* 4.304 , 4-.395
Ti - . . 0 0 2 . 0 0 0 • ?. 01-2 . . .„olo ' ", .<007
Cr * .-0 0 0 . ’ . 0 0 0 .O'OO' * .-007';, f r  .ooi)
Fe . - .799^ 1.1-33; I M P  6 1,057. ’ ?7.<80
,$g' ■ '.670 .•33?1- i.*53.4sfc- 1 ,  .442' *- 1 ,650*
Mn ' * s... ' .019 * . 0 2 2 . .0 1 1 ' , 6 2 2 ..019
.fca •y ! 4\061 •4.011 4.00.7' 4'-0 ? 1 . 4.148
Na. • V0 03 ■.054 ■ ' * .035* .G03> , .'00,0 .;
K i ‘ " . 0 0 0 .aoo ‘.006 *. . 0 0 2 * 7' .0 0 0 ' .
' ' .
i
% •.
> •
‘ a 
• V
* * .
»’ • 
. *
<
•
, •/ 9' - *£
0 •
K
£ •
« * / * - ^ .
- ** , *•< ■ - 7* < *
* # • V . .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE' 4' -continued
' -
Sample No 559-37 -559-104 564-9 564-10 567-39
Met. Zone 2 ;2 0 2 2
\
b
2
Si02 36^24 -36.89 37.20 37.09 36.85*
'Ti°2 : .09 . .op .05 .10 ' .00
Al2°3 ■ 19-94, 2 1 ^ 2 24.31 2 & * ° -  . 24.37
cr2o3 , .10 .09 ■ .00 .04
FeO 13.81 8.04 5.44 6.98 ‘ 5.76
MgO '2.62 3.10 2.37 2. 51 1 ..8 2
MnO .16 1 .34
ft. "
_. 20 .13 ’ .09
'GaO 20.58V ' 22.61 22.54 .22.78' ' 22.80
^ 2° .00 . '.00 ■ .00 .00
16
/
k 2o  . .01 '.00 - .03
i
:o2 01
Total* b 92.54 ' 92.19*
9 *
92. 20 92.30 91.81
Range !of peo+ ■'g-i^ 6^10 — 5-7 -
Number of ions on the basis of 16 cations
e
Si 6.017 , 6.041 ’* 6.053 . 6.053 6.019
» I V . - .000 .000 .000 
1 b
-.000 , * .000
*1* 3.7 06 - ”*4.076 4.662 4v 366 
:oi2
4.691*
Ti ' . 011' .obo ' ' .006 .000
■Ct *»■; . . 0 1 3  •
* 1.-918 ■
• . 0 1 2  - ..000 .000 - .005
Fe 1 . 1 0 1 .740 .953 . 7 8’7
Mg : .648 . - . 7 5 7  - -".575 ■ . .611’ .443
Mn , » . .023 .047 \ .028 .• .018 .012/
Ca - » 3.661 ‘ 3.967 3 .'930 3.983 3 .990
Na .000 .000- .000 v . 000 . .051
K *•-. .002*’ V- . 0 0 0
M
.006 .004
•°JP-
• .
• A
4
i
V
*
. .
« e
\ * -
r
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 4 continued
Sample No 
Met. Zone
567-44
2
in plag.
567-44 
in cpx
567-7 0'
' 2
.  X
E-13G-
3
E-17
3
Si°2
TiO^
Al,0, , 
FeO
37.25 
.02. 
24.58 
.27 
3.29 /,
37 .14 
■ ;.03 
23 i 55 
.11 
5*?89
37 .05 
.01 ‘ 
23.55
. 0(P
5..45
31.00 
-.08 
21 .'00 
, .-05 - 
9.25
37.30N
.08 
2-5 .09 
.00*
5.71
MgO 2.78 2.12 - 2. 56 1 1.89 1.95
MnO .11 . ‘ .13 '.12 ,/ *s.l° .16
CaO 23.64 23.23' 2 3 y 07 22.75 ,22.23 *  ■
Na2° , 
K2°\
Total
.1$*
\■
.05 * 
92.15
' .25
.01 * i
92.46
.00
i , ■
' .01
i
■9U89- \
.16
.01
92.27
.14
.00
92.65
Range of FeO+ — - -
Number of ions on the basis of 16 cations
i
Si
M IV
A1VI*
Ti - 
Cr 
Fe 
Mg
Mn -
Ca
Na’
K
,6.012 6 *028 6.045 6.091 6.038
.000 .00.0 .000 • .000 ' .000
4.675 4.505 4:528 4.075 4.789
: .'002 .00.4 .001 -.010 • .010 ■
.034 •0140 .008 - .007 .000 7
. .444 • .79? ' ■ .744 1.274 ' .773
..669 1 .513 .623 . 46 4 .471
.015 . .018 .017 .014 .022
4.088} 4 #039 ''4.033 4.013 3.856
■. 0.5$ ' .079 .000 .051 • ,.044
.010 .002 .002 • .002 .000
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TABLE '4 continued
.
V
■ r*
Sample No RT-ll 
Met. Zone 3
RT-13
3,
E-18A
3
*
E-19D ' 
3
&
t
E-18F
3
sio2 . 37. 3Q 37.31 37.21 * '
*
‘37.30 3 6.84
Ti09
Al2°3 ‘ 
Cr2 0 3 
FeO
. 1 1
‘ 24.79 
..00 - 
4 . 2 9 ' "
' .09
J
21.16 
. . 14- .
. 8.!9 '
. 0 0  
21.32 
-.09 
7'.’61 ,
05
20126 ' 
.03 
.9.30
' :o3 
21.63 
’ .04 
8.-40
MgO 2.67i 2 . 1 1 2.45 5.51 . 3 .-8 2
MnO ■ '.16. -* .13
; »0.9/ .*
.13 * .17
CaO * 2 2 . 9 4 22.82' 22.91* 22.51 • 22.35
n ^2o
k 2o
. . . 0 2
a -
. 0 1t
.03
*06 • ,
. .03 ■
rs
'loo
. . 1 1  
.04
.18 • 
. 0 0
Total . '92.29
V
92.59 91*. 72/ 92.23 93.46
Range of FeO+ 4-5 4— -•
/
8-IO:
<
A
<v- Number of1 itsns on the basis of
* <
16 qatibns
c *
Si
AlI V '
6 : 0 3 2  
r ‘ . £ 0 0
6.0^5 
. . 0 0 0
6.131 
/OOO „
6,137 't
. 0 0 0
.S. 921 
.079
AlVI
Ti •
Cr v
Fe
Mg
Mn
Car-
Na .
K
4.7,35 
. .013 . 
.0 0 0 . 
.580 ' 
.644 ,
.* 0 .0 2 2 L
3.375 
. -*006 ;
. 0 0 2
1
4.072 
. 0 1 1  
.018 
. 1.118 
.'674 
.018 
3.992. • 
.'009 
' 1 0 1 2  -
4.140 
. . 0 0 0  
. 6 1 2  
1.04,9 
.602 
.013 -
.4 . cm- 
.0 1 0 - 
■ . 0 0 0«
3.929 
. .006 .
. oof’* * 
1.280 . 
.'616 
■ .018 
3.968'
. 03,5 - 
* .008
4.018 
.004 
.005 
1.129 
* .915 
.023 
3.849 
, .056 
. 0 0 0
1   - }
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TABLE 4 continued
%
Sample No , E-29 \ E-29 E-30D
A
E-31 E-35
Met. Zone 2 .2 2 \  , • ■ 2 .
in plag'. in cpx
- \
Si02 37 .21 • 36.82\ 36.84 36.00 36.6]?
Ti02 .00 \. 04 .Co .00 .00
Al2°3 ' 21.07 19\33 . 23.02 21.96 \ 24.63
Gr2°3 ‘ 
FeO
.08 
7.94 ,
.\l
10:1^
.00
7.00
r
-j
 
• 
•
CO 
o \ .00 
\ 3.88
MgO 2.42 2.45 \ 1.87 2.61 V  • 80
MnO . .08 - .12 N'y .00 .14 \. 06
CaO 22.94 22152 \ 22.78 23.48 23a07
Na2° , .09 .11 \ .01\ .11 • vVJ
k 2o .01 .00 \.00 , .00 • .00\
Total^ 91.85 91.61 9l\s2 93.05 91.11
-Range of FeO
t
-  \ 6-10 -
. Number of ions on the basis\pf 16 cations #.
Si 6.126
*
6.119 6.074 \ 5.966 5.982
AlIV * .000 .000 .000 \ .034 .018
A1VI' ' ’ ''•A .088 3.786 'Jpt73 \4.162 4.743
T r " ,000 .005 ^Tdoo \ .000 .000
Cr .010 '. * .014 .000 \. 009 .000
Fe 1.093 1.406 .965 ly 067 .530
‘ Mg $' < .«94 .607 ' .460 \63-l ■ .682
Mn .011 .017 .0d0 .pi 9 ' .008
Ca 4.046 4.010 4.024 4.078 . 4.039
' Na • .029 .035 ■ .003 .035 . 016■\
K .002 .000 .000 .000 .000
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TABLE 5. Representativa Analyses of Matairorphic Ca-Airphiboles
Sanple 
Met.Zone 
Paragen.*’
468-7
3
H
468-7 
3 ’ 
H '
549-6
3
N *
549-21
3"
Mt
■^ 49-2 ]\
\ 3 \
\ Mt \
551-26 
‘ 3 
K
E-5B
3
H ,
Si02 54.81 51.46 53.32 51.71 4r 81 \51.14 54.07
* ¥ 3
1.26 3.14 2.15 2.62 * j •18 \l.86 ' .86
EfeO 10.84 • 7.23 14,08 15,86 13.89 • 2^ .98 13.16
pe2°3 . 1.09 5.25 .01 * 3.63 , 6.21 1J\37 ‘ .76
MgO ' 17.11- 16.83 14.03 - 11.72 12 12 9.29 15.21
MnO .43 .45 . .27 i.2* 32 .8o\ .27
n o 2 .05 .22 .15V. - .09" 14c .05 \ .02
CaO 12.39 10.95 12.25 12104 "TO, 02 ' 9.43 \12.70
NaO .'46 .53 • .48 45 .46 1 .30
K2°
.06 .16 .12 .14 «20w .02 * \.02
Total 98.51 96.2J2 96.86 98.57 97.33 97.40
» \ 
97.37.
Nurrber of ions on the basis of 23'0
Si 7.789 7.463 7.798 7.589 7.232 7.764 ■7.853
AllV • .211 - .537 .202 ;411 .768 .236 .147
Al^* ‘ .000 .000 .169 .043- .1B6V .097 ' .000
Pe2"*' 1.289 .877 1.723 1.947 - 1.719 2.918 1.598
Fe3* *117 .573 .001 .401 .692' .156 • .Q83
Mg 3.624 3.638 3.058 2.564 2.676 2.102 - 3.292
Mn • .052 .055 ,033 .036 .040, • .103 .033
Ti .005 .024 .017 . .010 .016 ■ .006 .002
Exe Oct - #.086 - .167 .001 • .000 .280\‘
4
.382 !' .009
Ca 1.887 1.702 1.920 1.893 1.59l\ 1.534 1.976
Na-M4 .027 431 .079 » * - .107 ■ *129 \
.084 .014
Na-A •' .100 .018 .056 .027 ‘.000 .051 . .070
K t .011 .030 .022 .026 .038 * .004 .004
* N - no iron oxides; Mt" - magnetite; H - hematite * *
4
6
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TABIE 5'CcntWed,
f- \ t
•
■
Sairple E-12A E-13 E-13A
i '
E-17 , KT-1.1 RT-1.3 E-18A A
Met.Zone 3 \ 3 3 " 3 3 3 3
Paragen .* Mt* \ Mt + H\ / • Mt + H N N ‘ N N‘
SiCL
/
51.64 \ 52.65 53.59 55.36 56.35 54.09 54.85
*¥>3 ‘ 2.18- •V 1.91 1.81 2.14 1.^ 6 1.19 1.29
PeO . 15.01 15.66 15.75 13.54 9.13* 12.59 . 9.60
te2°3
1.82 \ .37 - - - .00 . 1.72
MgO 12.89 12194
\
.12.83 ,■ 12 .-46 17.60 15.47 17.05
MnO .66 x '55 .50/ . .29 .28 .27 '.25
Ti02 .01
I
.00 .02 • .02 ' • .04 .01
CaO 12.50 '12.57 12.17 12.64 13.02 12.79 12.69
NaO. • .53 .bo .43
‘ ' *
.21 .22 .16
K2° . .16 .06 .15 / ,01 \ .04
\
.04 .02
Total' 97.41 97.02 97.23 96.61 98.11 96.70 97,64
/
’Nurrber of ions on the basis of 23
\
O \
I
, Si' 7.636 7.775 7.868 • 8.040 7 922 7.869 7.819
AlIV .364' ) .225 , .132 .000 . W  • .131
.181
M 7 1  -
2+Fe +
Fe3+ '
Mg
Mn
Ti '
Exc Oct 
Ca
Na-M4
•Na-A "l 
K
A,
.Oik
1.8517 
.203 
2.841 
.083 
. 0 0 1 >
. 0 0 0
1.981
.019
1 » 
.133 
.030
* .107 
1.934 
.041 
2.848 
' .069 
.001
.000
1.989
.011
*
.075
.011
.181 .366
1.935 4 1.644
2.807
.062
. 0 0 0
. 0 0 0
1.915.
.085
.037
.028
'
',164
1.073
3.688
'.030
;oo*
2.697
.036
.0 0 2 '
.000
1.967'
.033.
.009 ' - .'.019
.002 .007
•'.073
1.532
.ood
3.354
.033
.004
.000
1.994
.006%^ *
^056
.007
.035
1.144
.185
3.622
.030,.
.0 0 1 '
1 .017,' 
1.938’
! .044
.000
.004
- * T ' o ,
* N - no iron ooades; Mt - magnetite; H - hematite
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TABLE 5 continued
Sample' 
Met.Zone 
Paragen.*
E-l^A
, 3 '• 
- N 1
E-18D
3
N
E-18F
3
N
'
E-18F PL-2(7) 
3 .4
N • “N 
core
PLr2(7) 
4 
N
rim
PL-2 (8)' 
4 
N 
core
sio2 53.41\\ 54.54 54.25 52.76 52 ..78 49.52 52.61 -
A12°3 2 : 2 1 \\ 1.36 1.61 3.26 2.94 6.64 .2.52
FeO 8.92, \ 12.91 12.09 10.47 13,72 15.07 14.55
Pe2°3 2.64\ \ .13- .53 2.97 .87 .11 .00.
MgO 16.9 p \ 15.34 15.77 15.88 14.13 11.91 13.50
MnO . .28 .26 .36 .28 ' .20 * .21 .26
T i 0 2 \ *°2\
.12 .07 .14 .08 •21 .08
CaO x12.77 . 12.75 12.84 12.04 12.51 12.19 12.41
NaO i \ . 30 •20 .27 .38 .00 .27 .26
K_0 „
A
\oo .01 0^4 .04
i ,
.11 .11 "" .09
Total 97.4,5
Nunber
97.62 
of icns
97.82 98.22 97.35 
on the basis of 23 0
96.24x - 96.28-
Si 7 . 6 4 9 7.862 7.798 7.547 7.681 7.341 7.761
Al1^ ' .351 .138 .202 .453 .319' .659 .239
Al^ .022 .093 \ -071, .096^ .185 .502 .199
Ffe2+ 1.069 1.557 \l.453 1.252 . 1.670 1.869 1.795
Fe34 . ,.284 .014 \ .057 .320 .096' ' .012 .000
Mg 3.607 . '3.295 3.378 3.385 3.065 2.631 2.968
Mn / .034 .032 \.044 - \034 .025' .026 ,033
Ti j .002 .013 \008 .015 .009 .023 .009
i
Exc OCt .019 .004 .011 .102 .049 .064 .0Q4
Ca 1.960 1.969 1.978 l.§45 1.951 1.936 ,1.962
Na-M4 .‘.021 .027 .on . .053 .000 .-00 .034
Na-A .062 .029 .064 .053 .000 ,078 .040
K .000 .002 .-007 .007 ,.020 .021 .017
* N *r no iron oxides; Mt - magnetite; H - hematite
’  /  - 
f c *  ’ '  ‘
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TABLE 5' continued
•
Sample PL-2(8) PL-2(11) Pl-2(11) PL-3 . 531-8(3) 531-8(3) 531-8(11)
Met.Zone 4 4 4 4 4 4 4
Paragen.* N . N N ‘ N N - N N
rim core rim • core rim core
sio2 ’ 44.56 52.33 ' 4 7 .08 , 53.26 52.35 49.82, 51.17
U 2°3 12.89 2.85 8.80 3.63 '3.68' - 5.98 \ 4.04
FeO . 17.84 14.09 10.72 12.79 14.75 14.97 14.58
Fe2°3
Oo• .00 5.55
OO•
M
« O O .40 .00
MgO 8.05 13.55* 13.34 14.09 13.88 12.80/ 13.61
MnO .21 *.26 .21 .21 . .33 A * .30
Ti02 .36
00o• .17 .09 - .08 ' .11 .09
CaO 11.89 12-.42 12..16 12.43 12.13 - 12.02 11.84
NaO , ,1-18 • o .80 .39 .55 ;77 ' ' .55
K2° .26 - .14 .17 •
.12 .13 A 1 .15
Total 97.24 96.12 
Number of ions
99.01 * 97.01 97.88 
cn.the basis of 23-0
97.43 96.33
Si 6.672 7.725 6.802 * 7.718 7.609 7.322 7.561
AlW 1.328 .275 1.198 ,282 .391 .678 .439
X L ™ .948 .221 .301 .338 „ *239 
1.793
.358’ .264
Pe2+ 2.234 1.740- 1.295 1.550 1.841 1.802
Fe3* .000 ' .000 .604 .000 .00Q- .044 .000
Mg 1.796 ■ 2.981 2.873' 3.043 ,^ 3.007 2.804 2°. 997
Mn .027 .033 ' .026 ' .026 .041 ■ .049 .037
Tl .041 . .009 .019 .olo .009 .012 .010
Exc Oct . .045 .000 • .117 .000 .088 .107 .110
Ca 1.908 1.965 1.883 1.930 1.889f 1.893 1.875
Na-M4 .047r .035
" .000 .. .070 .023 .000 .015
Na-A .296 .079 .224 .040 .13? .219 .142
K .050 .026*• . .031 .022 .024
' .032 .028
!f‘
* -N - no iron oxides; Mt - magnetite; H - hematite
t  ^ ,
. ' " . *
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TABLE -5' continued
Sample 531-8(11) 531-8(12) 531-8(12)531-27 531-28(1) 531-28(1)531-28(5)
Met. Zone ■ 4 4 4 4 ■ -4 4 ‘ 4
Paragen.* N » N N N , N N N
rim core rim "core rim core
Si°2 45.92 52.25 44.72 "52.48 52.88 51.50 52.27
Al2°3 ' 11.74- 3.92 11.52 3:13 1 3.01 5.75 2.89 .
FeO 17.39 15.16 15.95 12.18 13.27 14.56 11.60
Fe2°3 .00 .00 1.70 1.22 .28 .00 2.14
MgO 8.89 13.57 9.83 ' 15.05 14.63 ’ 13.09" 14.61
MnO .26 .32 .27 .23 .25 .32 .32
Ti62 .42 .07 * .37 .03 . '.04 . .11 .08
CaO 11.89' 12.09 11.90 .12.80 12.79 12.17 13.52
NaO 1.41 .54 l.*21 .40 .35 ‘ .57 .33
K2o' - .36 .14 .29 •. .12 .10 , .17 .13
Total 98.28 98.06 97.72 * 97.63 97.60 98.24 ,97.88
Nunber of ions
e
on the basis of 23 0
*
>
•
Si 6.788 7.593 6.655 7.596 7.665 7.450 ' 7,.570
AlW 1,212 ^ .407 1.345 .404 .335 .55(5 .430
Al^ .835 .264 .675 .130. .179 ,431 •963
Fe2+ 2.150 1.842 1.986 1.474 1.609 1.761 1.405
Fe^ ■ ' .000 .000 .190 .132 .030 .000 .232
Mg . 1.959 2.939 2.180 ' 3.247 3.160 2.. 822 3.153
Mn .033 .039 .034 .028 .■ -031, ‘ :f039 .039
Ti .047 , .008 ;p38 .003 .004 ; -0JL2 .009 .
Exc Oct .022 ..092 .102 .015 ‘ .014 ' '.066 .000
Ca 1.883 1.883 1.898 1.985 1.986 - 1:886 2.098
Na-M4 ’ .095 .025 .000 *000 .000 • 048 3
i
.000
Na-A - \ . -.309 ' 1.28 .349 .112 .098
* * 
.112' .093
K L .068 .026
I
.055 .022 - .019- ;03r*t .024
t
* N - no iron oxides; Mt - magnetite; H - hematite
/
./ •
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TABLE 5 Continued
Sanple^  51 
Mat.5Zone 
Paragen.*
p.-28 (5) 
N
rim'
531-29
4
N 1
SiC>2 5 49.96 52.56
5,40 3.69
FeO 13.16 11.90
Pe2°3r 1.44- \
<Mgo J 13.17 ‘ 15.27
0 C
MnO .32 ’’ .27 -
Ti02 - :i2 .09, *. ,
Cad' 12.'61 12.63 ‘
NaO> .SO .32 - *
K2° .15 .13— *
Total-.,..
f
96.83 96.86 •
Nlsrber of icns cn the. basis ofj 23 0
Si. * <- 7.353 7.620
Al17 , 7647 .380 . • ^ \
Al71 .290 .251
«
'Pe2+ " . • 1.620 1.443 '
Ete3* .160 .0Q0, V i
M g 2.889 3.299 1 *
Mn .040 •
.013 .010^ •
Exc O c t .011 ‘ .0.36
Ca 1.989 1.962 * .
Na—M4 * ’ .000 * ,.002 .
0
‘ \ 
1
Na-A ; .143 .088* 1 . % *
K v 028 .024 v *
/ ■ - .....------- - - - - -! O < «
* N - no iron oxides; Mt ^ magnetite; H - hematite
V*
*
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TABLE 6. Representative * Analyses of Chlorite'
Sarrple 468-7 495-6- '495-8 507-11 5p7-36 >518-6 *’ •PL-=-3
Met. Zape 3 . 2 , 2 2 * 2 ‘ 2
» - 4
-Si02. 28.19 26.34 ■ 35.18 2 7 .8 1 ‘-v 29.13 26 .*87' 26.92
Ti0 2 -. .07 ’ ‘ U 0 3 ' . 0 0 , • :03 .10 . 1 1 -- .03
? d ' 2 ° 3
IS. 28 17.78 ^7.69 '18.87t 17.04 . 19.38‘ 20.96
Cr2?3 t . 2 1 •. " . 0 0  „•v* . 00 .03 .08 .08 ' .00
FfeO 20; 89 36.48. 34.?3 22.73 "2 1 . 2 1  . 23.91 21^30 J
19.66 8 . 1 2 9.28 ■17.76 19,42 16.57 17.01 .
MnO .38
\ v
.44 . ‘.94 ~  .'.33 '.19 *35 .16
CaO ' *
*1 4
.07 ' .05n v .08 >07. .06 * .01 '
n a p .0 ? ‘
oo. .32 .41 ^ .05 .07 3**,.4. .0 6
K20 .03
. i
. .06 .04 ” * .03 .04 .02 ' • .01
Total ’
* o
'87-. 83 89.30 87.73* 88.05 r
87.31 ■' 87.41 86.45
Nuriber of ions
*
•on- the basics of 28 0
F •
•
Si
* t
5.790 . ”5.796 >5.628 5.754 6.1)14 5.640 .
•
5.612
.AlIV 2 .21,0 ' 2.204 2.372 2.246 1 . 9 8 6 2.360 2.388
Al^ 2.214 2.407* 2.286 2.356 2.160 2.433 21760
Ti^ *■» . . 0 1 1 .004 . 0 0 0 .004 •.*015 .017 .005
Cr • .033 . 0 0 0 . > 0 0 0 ; .005 .013 .013 .000
Fe ' . 3.588 . ‘ 6.712' " 6.398 3.934 3.663 . 4.198 ’. 3.713
Mg 6 . 0 2 0 2.663\ 3.091 5.478 5.978 5.185 5.285“
Mir „ ^.065 .082 \ .178 .057 .034 .062 ‘ .028
Ca .030 .015 V . 0 1 2 ^ .017 • .015 ] >013 . 0 0 2
Na' .006 ■ .0 0 0 .139 .163 .018 ' .028 - .024
K .007• .017 ; . 0 1 1
.007 .009 .005
0 3
. 0 0 1  - *
«* Averigfe octrpositicr^ for* individual rock samples
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TABLE 5 continued
Location
Sanple
Analysis
53
567-70
2
%
SiO • 52.48
TiO, .37
1.62 '
Cr2<?3 '• ,vl3t
FeO 7.11
MgO 15.91 «
MnO .1 1
CaO 20.73
Na2G I. .70 f '
K2° ' .03 •
Tckal 99.18 •
Number of ions on the basis of 4 cations
Si ' 1.941
AlIV .059
Al^ 1 . 0 1 2
•
Ti . 0 1 0
Cr .004 n
Fe2+ . 2 2 0 ■
Mn .003
p- _
Mg ‘ .877
Ca .822 N
Na , .050
V.
V
K . 0 0 1
.
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u 136
zo
1.8
1.4
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TABLE §  continued
' ■  §>
Sanple 531-8 531-27 531-28 531-29 538-16 547-1 GA3-5
Met. Zone 4 4 4 4 '2 2 • 2
Si02 26*78 26.55 26.79 .26.85 26.27 27.12 26.40
I1 0 2 .04 .02 .04 .03 .14 .03 .05
M 2°3 20.29 21.19= 20.63 20.69 19.61 19.24 19.17N
Cr2?3 K o \ * •10 .07 .21 .05 .00 .04
FteO 2 5. m 23.70 23.95 21.90 31.74 25.09 26.73
MgO 15.21 *i 16.37 16.28 17.30 11.89 14 .*41 15.11
MnO .36 ■ .29 .28 .21 .47 .26 .34
CaO .08 .14 .13 \ l 7 .07 .07 .02
Na2° .0 0 , .00 .02 .06 .00 .00 .02
f^ O %t) 5 .02 .03 .00 .02 .01 .06
Total ^ 87.98 88.38 88.22 87.40 90.23 r 86.22 87.91
Nurber of ions
*
on the 
<
basis of 28 0
\
Si- 5.611 5.493 5.560 5.566 5.563 5.794 5.598
AlIV 2.389 2.507
i
2.440 2.434 2.437 2.206 2.402
Al^ 2.620
\
2.658 2.605 2.618 2.457 2.638 2.387
Ti .006 .003 .007 .005 .022 .005 .007
Cr .003 .016 .012 .034 .008 .000 .006
Fe 4.407 4.100 4.157 3.796 5.621 4.482 4.740
Mg 4.750 5.048 5.035 5.345 3.754 4.588 . 4.776
Mn ’ ' .064 .051 .049 .037 .083 .048 .061
Ca .018 - .031 .030 .037. .016 .015 .005
Na .000 .000 .008 .022 v .000 .000 .008
K .013 .005 .007 .000 " .004 .003 .016
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TABLE 6 continued
Sairple GA6-24 549-6 549-8 • 549-21 549-24 550-16 551-26
Met. Zone 2 * 3 3 3 3 2 • 3
Si02 28.74 26.98 28.48 26.86 27.33 28.41 26.18
Ti0 2 .00 “ .05 .00 .07 .04 .00 .05
Al2° 3 17.79 18.88 17.19 17.74 17.90 ' 17.23 18.68
Cr2?3 .09 .02 .00 .18 .56 .00- .05
RsO 23.00 ' 24.79 25.72 30.12 25.67 24.34 30.29
Mgo 17.46 15.96 15.22 ' 12.51 15.54 16.83e 11.65
MnO .50 .46 < .31 .30 .00 .11 .32
CaO .06 .11 • .28 .15 * .08 .07 ' .07
Na20 .06 .00 .04 .02 .04 .09 .04 "
k2o .00 ,31\ .00 .09 .00 .03 .00
Total 87.69 87.54 87.24 88.01 87.16 87.11 87.30
Number of ions on the basis of 28 O
Si 5.967 5.695 6.034 5.798 5.807 5.981 ’ 5.701
Airv 2.033, 2.305 1.966 2.202 2.193 2.019 2.299
Al^ 2.321 2.391 2.326 2.310 2.288 2.255 2.495
Ti .000 .008 .000 .011 .006 .000 .005
Cr . .015 .003 .000 .030 .094 .000 .009
Fe 3.994 4.376 4.557 5.437 4.561 4.285 5.516
Mg 5.404 5.020 4.807 4.024 4.921 5.281 3.782
Mn .087 .081 .056 .054 .000 .020 .059
Ca .013 .025 .064 .035 .018 .016 .016
Na .024 .000 .016 .006 .016 -.037 .017
K .000 .082 .000 .024 .000 .008 .000
a
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TABLE 6 c o n tin u e d
Saitple 559-26 559-35 559-37 . 564-9 564-10 567-39 567-44
Met. Zone 2 2 2 2 2 2 2
Si02 29.14 29.28 28.99 28.51 29.32 27.63 "29.24
1 
CM
oE-< .07 .08 .05 .02 ‘ .03 .04 . .02
M 2°3 17*92 16.99 15.87 19.07 20.08 18.05 18.20
^ 3 .08 .11 .04
oo
.00 .07 .0'8
FeO 25.40 21.97 29.12 20.97 22.11 26.64 . 18.94
MgO 13.97 19.04 15.20 18.35 18.89 14.25 20.36
MnO . .37 .34 .37 .32 .34 .35 .47
CaO .17 .09 .05 .08 .07 .18 .07
Na20 , .00 .00 .02 .00 .08 ‘.00
K 0 
2
.09 ■ .02 .03 .04 .06 .05 .03
Ttotal 98.17 87.90 89.70 87.38 90.92 87.34 87.40
Nunfcer of ions can the basis of 28 0 •
Si 6.146 6.030 6.078 5.866 5.812 5.886 5.957
AlIV 1.854 1.970 1.922 2.134 2.188 2.114 2.043
Al^ 2.599 , 2.151 1.998 2.492 2.503 2.417 - 2.325
Ti .011 .012 .■008 .003 .005 .006 .002
Cr .013 .017 .007 .000 .000 .012 .012
Fe 4.480 3.783 5.105 3.609 3.666 4.746 3.227
Mg • 4.392 5.842 4’. 751 5.629 5.581 4.525 6.181
Mn * . .065 .058 .066 .056. .057 .063 .081
Ca ‘ .037 .020 .011 .017 .015 .041 .016
Na .aoo' .000 .000 .009 .000 .033 .000
K .023 .006 .008 .010 .015' ,014 .007
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TABLE 6
1
continued
t
¥ *
Sanple 567-70 ■E-5B E-12A E-13 E-13A E-13G E-17
Met. Zone 2 3 3 3 3 3 3
sio2 29.14 29.46 26.68 27.55 26.86 26.55 28.73
1i02 .02 .03 > .06 .01 .00 ‘ .02 .00
Al2°3 16.56 17.35 fj.24 17.28 17.31 18.59 19.09
.09 .04 .06 .12 .06 .04 .02
FeO 17.73 25.13 29.34 28.82 28.67 28.89 25.52
MgO . 20.54 18.32 13.21 14.63 1-3.95 13.74 15.00
MnO .23 .34 .79 .85 .88 .24 .32
CaO .23 .15 .07 .21 .06 .15 .05
NaO .00 .16 .07 .00 .08 .07 .25
K / .00 .00 .00 .02 .02 .01 .06
Total 84.54 90.97 •87.51 87.48 87.89 88.39 89.04
J Nurber of icns on the basis of 28 O
Si , 6vl08 5.951 5.789 5.889 5.782 5.683 5.935
AlIV 
® 0
1.892 2.049 2.211 2.111 2.218 2.317 2.065
Al^ - 2‘.198 2.080 2.198 2.240 2.174 2.353 2.582
Ti '.003 .005 .009 .001 .000 .002 , .000
Cr .015 .006 .010 .020 .010 .007 .003
Fe • 3.108 4.245 5.324 4.795 5.161 . 5.151' 4.409
Mg 6.417 5.517 4.274 . 4.662 4.476 4.367 4.619
Mn .041 .057 .145 .153 .160 .043 .056
Ca .052 .032 .015 .048 .015 .033 . 0 1 1
Na .000 .061 .029 .000 .033 .030 .100
K .000 .000 .000 .005 .006 .003 .016
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TABLE 6 continued
Sairple 
Met. Zone
E-18A
3
E--18D
3
E-18F
3
KT-1.1
3
RT-1.3
3
E-29
3
E-30D-
3
sio2 30.14 29.44 28.19 30.12 27.16 36.20 28.76
Ti02 .00 .00 O I—» .01 .08 .02 .02
A12°3 16.86 - 16.90 18.56 15.78 18.25 16.99 16.46
Cr2<?3 .10 .05 .10 .03 .03 .04 - .00
FeO 18.88 22.34 21.94 16.41 22.83 19.83 26.15
MgO 21.21 18.71 18.29 23.38 18.17 20.08 15.47
MnO .30 .30 .31 .28 .32 .26 .35
CaO .08 .07 .05 .05 .07 .30 .24
Na 0
oo
•
OO C
O
O
.03 .17 .00
0
0
0
k2o .02 '..03 .00 .02 .07 .01 .04
Total. 87.58 87.84 87.51 86.11 87.15 87.72 87.56
Nurrfoer of ions on the basis of 28 0
Si 6.117 6.073 5.832 »' 6.152 ' 5.698 6.147 6.090
AlIV 1.883 1.927 2.168 1.848 2.302 1.853 1.910
Al^ 2.149 2.181 2.358 1.950 2.209 2.222 2.197
Ti .000 .000 .001 .001 .013 .003 .003
Cr .016 .008 .016 .005 .005 .006 .000
Fe 3404 3.854 3.797 2.803 4.005 3.375 • 4.630
Mg 6.416 5.751 5.641 7.117 5.681 6.092 4.883
Mn .052 .052 .054 .048 .057 .045 .063
Ca .017 .016 . 0 1 1 .011 .016 .065 .054
Na .000 .000 .032 .012 .•069 .000 .032
K .004 .008 .000 .005 .019 .002 . 0 1 1
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TABLE 6 continued
6 3 9
Sanple 
Met. Zone
E-35
2
P-8* ’ 
4
*
sio2 29.07 • 23.83
Ti02
oo
.07
Al2°3 17.11 22.08
.00 ‘.02
tFeO 18.71 32.67
21.07 8.37 )
MnO .17 .35
CaO .33
o«
Na20 .15 .03 v
k 2° .01 .03
Total 86.62 87.48
Nuiber of ions on the basis of 28 0
Si 5.981 5.253
A l ^ 2.019 2.747
*1™ 2.129 2.989
Ti .000 .012
Cr. .000 .003
Fe 3.219 6.024
Mg 6.461 2.751
Mn .030 .065 *
Ca .073 .010
Na .060 .0 1 1
K .003 ..008
o
* Pulo Formation ireta-pelites; same location as PL-3
©
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TABLE 7.. Representative Analyses of White Mica
Sample • 54-9-24 364-10 ' P-8 P-8
Met. Zone 3. - 2 . 4 4
Meta -basites . Meta--Pelite
sio2 • 49.57 48.70 ' 47.20 47 .24
Ti°2 .03 .02 .24 .25
Al2° 3
&
28.04 29.53 34.43 34 .16*
Cr2 3 • * .04 * .01 .01 .15
FeO 2*73 2.16 1.34 1 .20
MgO , 2.34 2.25 .52 .55
MnO. .03 .04 .01 .00
CaO .00 .00 .00 .00
Na20 .07 .10 .48 .91
K 2° 10.12 10.01 10.38 9 .78
Total 92.97 P 2 .8 2 94.14 94 .50
*
Number of ions on the basis of :22 0
&
Si 6.768 6.641 6.307 6 .325
AlIV 1.232 1.359 1.693 1 .675
AlVI 3.280 3.387 3.730 3 .712
Ti .003 .002 .024 .025
Cr .004 .oor" .001 .016
Fe2+ . 312 .246 .150 .134
Mg .476 .457 .104 .110
Mn .003 .005 .001 .000
Ca .000 .000 .000 .000
Na .019 .026 .124 .236
K 1.763 1.741 1.769 1.669
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TABLE 8. bQ Values of Zone 4 Muscovites (Pelitic Rocks)
Sample bo <8.) t Sample bo (X)
M.l ' 8.989 M. 23 8.990
M\2 ‘ 8.997 M. 24 8.995
M. 3 8.985 - X M. 25 8.997
M.4 8.994 > M. 26 8.994
M.5 8.985 M. 28 8.999
M.6 8.991 M. 29 9.005
M.7 8.991 M. 30 8.986
M. 8 8.993 ' M. 31 8.984
M.9 < 8.990 M. 32 “
QQ
8 f 9 80
M.10 cu 8.992
M. 33 D< 8.985
M. 11 O 8.993 M. 34 o 9.009
M. 12 IX 8.997 a . M. 35 tx 9.001
M.13 : 
M. 14
u
Ft
D
8.997
8.999
M. 36 
M. 37
o
Ft
D
9.003
9.005
M.15 O 9.003 M. 38 O . 8.997
M*16 8.999 f M. 39 8.995
M. 17 8.990 - • M.40 8.994
M. 18 8.990 M. 41 8.987
M. 19 8.992 • M.42 . 8.998
M. 20 8.993 M. 43 9.002
M. 21 8.991 M. 44 8.997s
M. 22 8 .„992
-
4
M. 45 C  
M. 46 
.M.47
8.999 
’ f8.985 
9.003
A
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TABLE 9. Representative Analyses of Stilpncnelane
Sanple 
Mat. Zone 
Paragen.*
495-6 i 
2 /
N %
495-6
2
N
495-8
2
N
495-8
2
N
538-16 • 
2 
N
538-16 , 
2 
N
549-21
3
N
sio2 47.73 47.89 46.50 47.28 46.56 47.05 48.60
■ .00 - .01 .05 .11 .01 .02 .00
Al2°3 6.14 7.64 6.77 5.91 7.15 7.08 6.04
Cr2?3 .02 .02 .05 .00 .02 .00 .04
FeO 31.06 27.19 27.40 .29.09 27.74 28.02 26.41
MgO 4.59 4.54 5.68 6.11 7.22 6.98 5.65
MnO .85 .76 .98 1.20 .72 .65 2.39
CaO .06 .12 .14 .04 .29 .08 .28
Na20 .15 1.25 .71 .25 .11 .10 .05
k2° 1.62 1.65 2.91 2.88 1.43 1.33 .35
Total 92.23 91.07 - 91.18 92.92 91.25 91.31 89.79
Nistber of ions calculated oh the basis of
. Z (Si + Ti + Al + Cr + Fe + Mg + Mn) = 7.5
Si 4.044 4.125 4.019 3.994 3.898 3.930 4.214
H .000 .001 .003 .007 .001 .001 .000
Al .613 .776 .690 .588 .706 .697 .617
Cr .001 . .001 .003 .000 .001 .000 .003
Pe2+ 2.201 1.959 1.981 2.055 1.942 1.957 1.915
Mg '.580 .583 .732 .769 .901 .869 .730
Mn .061 .055 .072 .086 .051 .046 .222
Ca .005 .011 .013 .004 .026 .007 .021
Na .025 .209 .119 .041 .018 .016 .008
K .175 .181 .321 .310 .153 .142 .039
N - no ircn oxides; Mt - magnetite; H - hematite
6
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TABLE 9 continued
I
Sanple E-12A E-12A E-13 E-13A E-13A Mn-3
Met. Zone 3 3 3 3 3 2
Paragen.* Mt Mt Mt + H Mt + H Mt + H
Si02 47.65* 46.54 46.85 46.96 46.36 45.17
Ti02 .04' .02 .00 .00 .02 .00
a12°3 6.61 5.32 5.71 6.13 5.62 5.21
Cr2°3
FeO
.08
26.07
.00 
27.26 '
.02
24.32
.03
24.74
.00
25.76
.00
8.45
MgO 6.03 6.70 6.73 6.42 6.37. 2.10
MnO 4.04 4.01 4.74 4.52 4.87- 26.05
CaO .12 .59 .69 .29 .26 .61
NaO .00 .06 . .07 .19 “.00 .00
V .39 1.56 .46 1.29 1.15 1.95
Total 90.02 92.06 89.66 90.56 90.41 89.54
Nunber of ions calculated on the basis of
Z (Si + Ti + Al + Cr + Pe + Mg + Mn) =7.5
Si 4.035 3.922 3.994 3.989 3.944" 4.054
Ti .003 .001 .000 .000 .001 .000
Al .560 .528 .574 .614 .563 .551
Cr .-05 .000 .001 .002 .000 .000
Fe2+ 1.846 1.921 1.734 1.757 1.833 .634
Mg. .761 .842 .85JjL .813 .808 .281
Mn .290 .286 .342* .325 .351 1.980
Ca • .011 ' .053 .063 .026 .024 .059-
Na .000 ^1£L .012 .031 .000 .000
K .042 .168 • 05Q
■ ■
“'.140 .125 .223
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TABLE 10. Representative-Analyses of Ba-Feldspars 
(Sample Mn-3)>
I
Si°2
Al2°3
Cr2°S
Fe2°3
MgO
MnO
CaO.
BaO'
Na20
k 2°
61,06
19.45
.00
.27
.04
.17
.00
4.55
.80
13.59
Total * 99.89
58.70 
19.96 
■ .00 
.00 
.00 
.14 
.00 
7.32 
.54 
12.91
99.57
* 56.01 
“2a.46 
.00 
.42 
.-0 
.51 
.00 
■ 10.51 
.55 
11.13
-99.59
Si
Al
Cr
Fe3+
Mg
Mn
Ca
Ba
Na
11.631
4.367
.000
.038
.011
.027
.000
.340
.295
11.423
4,578
.000
.000
.000
.023
.000
.558
.204
11.143
4.798
.000
.063
.000
.086
vOOO
.819
.212
33.75
27.05
.06
38.56
.45
.73
100.60
Number of ions on the basis of 32 O
8.219
7.764
.016
3.680
.212
2.825 .2273.2053.206K
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APPENDIX V
SUMMARY OF ANALYTICALvTECHNIQUES
, ' /
C
r
%
6 4 5
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APPENDIX V
/
Whole-;rock samples were crushed in a jaw-crusher and
j
powdered, to -150 +200 mesh, on an oscillating ceramic
* »
grinderv The major elements were determined 'by X-ray 
fluorescence spectrometry, in a Philips PW 1450 spectro­
meter with a Cr tube, using the heavy absorber' fusion 
technique of NORRISH and HUTTON (196 9) and HARVEY et al.
(1973) , where a fusion - with 2.0000 gm of flux (lithium 
#
tetraborate, lithium carbonate and lanthanum oxide),
0.0267 gm of sodium nitrate and 0.3733.gm of sample- is 
used to make a glass disk. Si, Ti, Al, Fe, Mn, Mg, Ca,
K and P were determined, using similar disks made with 
pure chemicals for calibration. Na was not determined 
by this technique, because sddium nitrate is used to 
make the glass disks, andjalso on account of its volatile 
nature'. Na was det^^mined on the pressed powder pellets 
used for the trace elements. Volatiles weare done as 
loss on ignition-, (LOI) at 1,000°C.
Ba, ir, Y, Sr, Rb, Cr, Ni'and’Co were determined by 
X-ray fluorescence spectrometry, using a Philips PW 1450 
spectrometer with a W tube, on pressed powder pellets. 
Precision and accuracy are estimated to be about 10%.
In some of the samples Li-, V, Zn altd Cu were ,
V
analyzed by atomic absorption in a Perkin Elmer 403 
spectrophotometer. A —arc background correction was
>
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used for Zn and Cu. Precision and accuracy are
estimated to be about 10%.
Rare fearth elements (REE) were determined by a 
modified version (FRYER, 1977) of the thin-fi*lm X-ray 
fluore'S'cence procedure of EBY (1972) . The REE were 
separated as a group by ion-exchange chtomatography and 
transferred onto Reeve Angel SA-2 ion-exchange papers pre­
viously cut to fit the sample holders; Prior to separa­
tion, 50 ug of Tm was added as an internal yield -stan­
dard. The samples were analysed using a Philips PW
l
1450 spectrome-fer with a W tube (at the Department o£
Geology, University of Western Ontario). Precision is
generally better than 10%.
Mineral analyses were determined on 25 mm diameter
polished thin sections coated with carbon,-using a MAC -
. * *
400 electron microprobe, featuring three spectrometers 
. with-KRISEL automation. An excitation voltage of 15 kV 
was used, with a beam current of 0.05 pA and a counting 
time of 30 seconds or 20,000 counts. The standards 
used were well analysed natural minerals and synthetic 
glasses, selected to minimize necessary corrections. 
jffi' All compositions were calculated using MAGIC corrections. 
■Replicate determinations indicate a precision of the 
analytical method of generally better than 2% of the 
' afnount present, for major elements.
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APPENDIX V I\
SAMPLE LOCATIONS
• |  M >
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APPENDIX V I #
, The location of the samples, for which whole rock 
and mineral chemistry are reported is presented on 
Figures 1 and 2.
a
)
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FIGURE 1. Sample location at the western part
of the area.- The grid corresponds to 
the Portuguese 1:25,000 cartographic 
network.
<5?
<3
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FIGURE 2. Sample location at the eastern part of 
the area.
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